s,

PROPERTIES OF THE HIGGS
BOSON WE CANNOT “UNSEE”




Things you can’t “unsee”
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. 201 1: nothing else in the horizon

[“Lawre of Arabia” idea from C. Grojean]

1 We first saw that we could not exclude a narrow
range.
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5] 201 1: nothing else in the horizon

[“Lawrence of Arabia” idea from C. Grojean]

1 We first saw that we could not exclude a narrow
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@) 2012: a rider!

NS

[“Lawrence of Arabia” idea from C. Grojean]

0 We discovered a peak rising from the background.
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Take a moment to thank this little particle for all the
work it does, because without it, you'd be just
inchoate energy without so much as a bit of mass.
What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
at Europe's Large Hadron Collider — Rolf Heuer,
Joseph Incandela and Fabiola Gianotti — atlast
sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The
Higgs — as particles do — immediately decayed to
more-fundamental particles, but the scientists
would surely be happy to collect any honors or
awards in its stead.
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2013: a rider with a gun

[“Lawrence of Arabia” idea from C. Grojean]

0 By early 2013 a clear Higgs-like picture emerged.
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= (self-inflicted) Mission: impossible

\

N,

Charged Higgs tau nu + jets 20 b1 27/09/2013 Oct2013 | SMH > mumy TWiki PAS
¥ § Oct-2013  ttH Combination TWiki
High Mass WW(Ivlv) ATLAS-CONF-2013-067 21 fb-1 18/07/2013 T T —
(eps) Gipeg) Higgs to Diphoton differential cross sections ATLAS-CONF-2013-072 21 fb-1 18/07/2013 Aug-2013  Full 8 TeV dataset: VBF H -> invisible T X
Higgs in VH(WW) ATLAS-CONF-2013-075 25fb-1 18/07/2013 GG RIS VOISR WU Tk, PAS
Jul-2013  Full 8 TeV dataset: tiH, H -> bb or tautau TWik, PAS
Higgs in VH(bb) 25fb-1 18/07/2013 Jul-2013 dataset: H-> 2Z -> 212] TWiki, PAS

ttH (diphoton) ATLAS-CONF-2013-080 20 fb-1 25/07/2013 ataset: h ->2a + X -> 4mu + X Twiki, PAS
Jataset: VH, H -> invisible TWwiki, PAS
FCNC top to Higgs (diphoton) Charm ATLAS-CONF-2013-081 25 fb-1 25/07/2013 O
dataset: VH, H -> WW(212nu) + V -> j TWiki, PAS

Spin Combinati ATLAS-CONF-2013-040 up to 25 fb May-2013 Full 8 TeV dataset: VBF H, H -> bb TWiki, PAS
Couplings Combination ATLAS-CONF-2013-034 May-2013 Full 8 TeV dataset: ttH, H -> gamma gamma  TWiki, PAS

Higgs to Diphoton spin  ATLAS-CONF-2013-029 May-2013 Full 7+8 TeV dataset: VH, H -> bb TWiki, PAS

Higgs to WW(Iviv) spin ~ ATLAS-CONF-2013-031 May-2013 Full 8 TeV dataset: H -> WW -> InuJ TWiki, PAS

. Higgs to WW(lviv) ATLAS-CONF-2013-030 11/03/2013 May-2013 Full 7+8 TeV dataset: H -> ZZ -> 212nu TWiki, PAS
m— 2HDM WW(viv) ATLAS-CONF-2013-027 13 fb-t 11/03/2013 aa20iSgMoroncligosiCombination R aS

Mar-2013  Full 7+8 TeV dataset: H -> gamma gamma  TWiki, PAS
Mar-2013 Full 7+8 TeV dataset: H -> ZZ -> 4|

Combined of Mass ATLAS-CONF-2013-014 up to 25 fb-1  05/03/2013

. Higgs to Diphoton ATLAS-CONF-2013-012 25 fb-1 05/03/2013
3 E Mar-2013 Full 7+8 TeV dataset: H -> WW -> 212nu
(o) (o) Higgs to 4 leptons ATLAS-CONF-2013-013 25 fb-1 05/03/2013
) (peg) Mar-2013 Full 7+8 TeV dataset: H -> tau tau
ZH (invisible decays) ~ ATLAS-CONF-2013-011 18 fb-1 05/03/2013 Mar-2013 Full 7+8 TeV dataset: H -> Z gamma
Higgs to dimuon ATLAS-CONF-2013-010 21 fb-1 05/03/2013 Mar-2013  Full 748 TeV dataset: H -> WWW -> 33nu
Higgs to Zgamma ATLAS-CONF-2013-009 25 fb-1 05/03/2013 Mar-2013 Full 7+8 TeV dataset: VH -> tau tau

0 Present a coherent view of present-day results of Higgs
properties from the LHC and Tevatron experiments.

o Any omission or mistake are the speaker’s fault.
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g First things first: the mass
—

CMS Preliminary {s=7TeV,L<5.1fb' \s=8TeV,L<19.6 o'

é ~ ATLAS Preliminary —— Combined (stat+sys) 1 OpF— | I LA L B B = e e e s e e e e s '
N [ ys=7 TeV;JLdt =46-48fb" 0 eee-- Combined (stat only) - H - YY + H RN ZZ —— Combined E
ol 's=8 TeV: [Ldt = 20.7 fo! — ::?z"’—mz 2 9: b (ggH.tH). — Hoyy E
B N —H->2ZZ I
- Q\ 85 MW(VBF,VH) .
51 ' 7k =
- ! ; 6f =
4__ """"""""""""""" 20 N ]
5 5t E
3F af =
i 3f- s
2_— - -
i 2 E
et SO et o 1 .
: o -I 1 1 1 1 1 | I | I I ) I S SN SN N N S | 1 I:
9 L 111 | L1 1| | | | | | | | L 111 1 24 1 26 1 28
21 122 123 124 125 126 127 1%5[68\1/]29 My (GeV)
ATLAS . ams
my 125.5 £0.2 (stat.) *03  , (syst.) GeV 125.7 £0.3 (stat.) £0.3 (syst.) GeV

Naive average: 125.6 10.4 GeV
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Relq’rlve signal strengths

[arXiv:1303.6346] [ATLAS-CONF-2014-009] [CMS-PAS-HIG-13-005]

ATLAS Preliminary Total uncertainty \s=7TeV,L<51f" {s=8TeV,L<19.6 fb"
1 my = 125.5 GeV +=1loonu Combined CMS Preliminary m, =125.7 GeV
Tevatron Run I, L, <10 fb’ H : W=080£014 | p_ ~0.65
m, =125 GeV/c? " =1 574_2 ::aa -
[ Combined (68% C.L.) Ho 2z = 4| A5+ 0.62
—- Single channel =1 Mﬁ;‘; :
s s : H—-o1t
Hovyy - ] { H—Ww* Mv1 00032 § w=1.10%0.41
~ -0.29 i
- - i H— vy
H— W'W W,Z H— bb \ 0207 : A
I
H- 1ttt H — tt (8 TeV data only) H o WW
w=1 -4ﬁj : =068+ 0.20
VH— Voo Combined Hos 77
I Y N SR NN RN R w=1. 30+.g:: 5 l | n=092+0.28
0 2 3 4 5 6 7 8 9 10 | Ll L .
+-0.5 0 05 1 15 2 0 15 2 25
Best Fit (¢ x Br)/SM 5 =7TeV Lot = 4645 f -
( ) Vs =8TeV fLdt = 20.3 b Signal strength (u) Best fit o/cy,
my 125 GeV 125.5 GeV 125.7 GeV
.I '44 +0.59_O.56 .I 030 io.‘l 8 0080 io.‘l 4
0/0gy

Naive average: 0.98 £0.11
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&) Production mechanisms

[ATLAS-CONF-2014-009] [CMS-PAS-HIG-13-005]

CMS Preliminary {s=7TeV,L<5.1fb' {s=8TeV,L<19.6fb"
1 I 1 1 1 1 | T

I 6 T T ——— T
>, 5 + Ho1
T
s- 10I_ I L | L | LI LI I LI I L I'l |.I T I L I _I g + H%WW
% L+ Standard Model "% ATLAS Prellmlnary 4 3. + H-ZZ
> I - x Bestfit H . i
N3 gl —eeo i N Vs=7TeV [Ldt=46-481" - al- 4+ H-obb
;} [ e \ Vs=8TeV [Ldt = 20.3 b ! i + Hoyy
[ \ —Hoyy ]
6_ : —H-oZZ* >4l _
s : —HoOWW S iviv - - -
4‘_ H ‘\‘ —H-ou ] 21 =
- \“~n;“\ \\\; _ - + e —
- ‘\;:\‘_ P ‘-‘ — 0— -
s e _
- m,=1255GeV R SNy 4 ] i i
_2 Ll l Ll 1l l Ll Ll l Ll 1l I Ll L1 I I I |- I Ll 1l I Ll 1l I 1l | |
_2 _1 0 1 2 3 4 5 6 1 | 1 1 1 1 1 1 1 1 1 | 1 1 1 1
Lo -1 0 1 2 3
u*y'y,ZZ JWW* 11 u
ggF+ttH ggH.ttH

0 Scale fermion-mediated (ggH & ttH) and
vector-boson-mediated (VBF & VH) together.
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CERN
\

ATLAS Prelim. |+ "zﬁitgz,c_ Total uncertainty
— O\theory
my = 125.5 GeV o(theory) + 10‘ + 20

H +0.7 : ! : :
- -05 : :
YY +0.4
M yBFvh =1 +0.8 [~ 02 5
] - : :
+23 [ .
H—e2ZzZ' >4 [ -
u M gg —
VBF+VH __ +2.4 |7 [ :
M ogFattH 0'6—0.9 ‘:gg ) :
+1.4 : o
H—> WW* - vy [-99 N
+1.3 L ;
Yopran _ 4 q+1.9[7 %4 - ;
Mogrst 1.8‘1 0 fg:g f : :
+5.3 : :
H—1t -1.0
to : :
u w |-06 : ;
MVBF+VH = 1 71‘1 ol

ggF+ttH “l-03 | 4|___‘__4’_—
+0.5

Combined S04 ; T
uw os| X :
MVBF+VH =1 4J:8; +0:2

9gF+tH ot | i g

o 1 2 4 5

s=7TeV [Ldt=4.6-4.8 fb"

Is=8TeV fLdt=20.3fb"

u

/
VBF+VH pLggF+ttH

1

-2AInL

= N W »p OO0 O N 0O © O
——

Illllllllllll

Production mechanisms

[ATLAS-CONF-2014-009] [CMS-PAS-HIG-13-005]

CMS Preliminary {s=7TeV,L<5.1fb" Vs=8TeV,L<19.6fb"

lllllll]llllll[ lllllllllllll

—— Combined
= — H-o11
— H—-> WW
— H->2ZZ
— H-> vy

—_ +1.1
u VBF,VH /u ggH,ttH — 1.5 -0.7

\ (3.20)

Illlllllllll]lllll

OLIIIIIl|IIII|IIIII1II|IIl|1|||||||||||||||||

OO

/
Hygrve Hoghiin

0 Ratio of production scaling factors does not depend on decay mode.

0 > 30 evidence for L gy [ M gouun > O in both experiments.
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Scalar coupling structure

Ga uge sector

Mixed
sector

\,

Down type
Loops (Y, g) are

sensitive to BSM
contributions.

Quark loop
a.david@cern.ch  LHC Physics 2014



2l Couplings deviations
B

Production modes Detectable decay modes Currently undetectable decay modes
2 _
OggH _ { Kg(‘(ba keymu)  Dyw = 2 Lt — 2
SM_ SM = Rw SM "t
o K \
ggH g wa(-) I‘tt
OVBF 2
——— = kvpp(kw,Kz,m | —. r )
oM ver (KW, Kz, M) 2z _ 2 _EE see Section 3.1.2
VBF PSM Z I‘SM
OWH . 9 77(*) gg
oM T Kw . Lee 2
WH bb — = Ki
e 'SM
OZH _ 9 rsM b cc
sM . Kz bb T
OZH . -8 = 2
O it 2 'sM - b
ttH = 2 I_'W = K; ss
O’S-M t Tttt r _ .
ttH 9 Ll o lcf
FY'{ . { KE(KbaKt)Kt’KWsmH) I‘SIXI .
SM wope
Iy 5
2 Total width
PZY ngy) (Kba Kty Koy KWy mH) 0 2
[SM « Iy ki (Ki, M)
Zy (Zy) TSM = 2

0 Narrow-width approximation: (0 XBR) =0 - [ / rH
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Couplings deviations
o

[arXiv:1209.0040]

Production modes Detectable decay modes Currently undetectable decay modes
Oge _ [ K Twwo 2 e _ 2
sM - MW 'SM t
Wwis) tt
Lyz 2
§ ™M~ Kz
OWH 2 yAAS
sM T W _
OWH Lyp 9
OZH 9 M T b
sM Kz bb
OzZH r
O Tt 2
_tHo 2 ™M T %
O'SM t L
ttH

Total width
s _ gy (i, M)
ISM ) k)

0 Contributions resolved at NLO QCD and LO EWK.
0 Peg the as-of-yet unmeasured to “closest of kin”.
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Weak bosons and fermions

n [arXiv:1209.0040]

Boson and fermion scaling assuming no invisible or undetectable widths
Free parameters: xy (= xw = Kz ), X¢(= K: = Kp = K.).

H — yy H—-ZZ% |[H->WW® |Hobb | Hortt
g gH KRN K'fl . K%, " fz Kf
ttH xZ (x;) xZ (x:)
VBF . .
KV.KV Kv'Kf
WZE KII(K"') "'}I(Kz)

H— Y Y resolved into

14 14
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Weak bosons and fermions

[arXiv:1303.6346] [ATLAS-CONF-2014-009] [CMS-PAS-HIG-13-005]

CMS Preliminary {s=7TeV,L<5.1fb" \s=8TeV,L<19.6fb"

b 2.0 T T T
s [ TevatronRunll,L_<10fb" z - Ky K¢ ]
e Local maxima A SM L 3 e T 1_5:_ T .. _:
L - - - 4 —_ a
| Mles%clL [ Jo5%C.L. 050 ATLAS Preliminary + SM E g // N ]
41 "t ls=7TeV, J-Ldl =4.6-4.8 fb" x Best fit 3 1.0 [ @ ! -
i M =1 2F (s=8TeV, [Ldt=20.3 10" —68%CL - i i\ 0/ |
i - i * WW* 12.b5 -- 95% CL ] 0.5} oo =
ok 1.5F-Combined H— yy,ZZ" WW*ttbb 7 72" = - e E
; s N I, 24 oof .
or osf-  TTTTTTTT e Y- — E
i o = i :
2 - E -1.0p =
| 05 = - 1
e I 4 -15F -
I TR S - E L L L L L L E :I R S SRR B S S R R T ST S A T S S AR R '-I
o 05 1 15 2 88 09 1 11 12 1.3 14 20 0.5 1o 15
Ky Ky Ky
p(SM) - 10% <10
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&) Composite (R.Contino)
I

" Leading effects in tree-level couplings and ZY rate

2 2 = Hi
T(h — Z f Higgs decay constant
Cy,Cy,C d—1+0(f2) %—14‘0(-]‘,2)
Muew = Gxf SJ 4m f
CMS Preliminary {s=7TeV,L<5.1f" Vs=8TeV,L< 19.6fb”
M--—2.0 rrrrrrr T T ] o I N L L LA B B
- N ] - ATLAS Preliminary + SM .
15F g -\\ E 3[ (s=7TeV,[Ldt=4.6-4.8f0" x Bestfit ]
100 i . E C {s=8TeV,[Ldt=13-207fp" — 68%CL .
: ey ) ; - - 95% CL ]
- AN ] ol ]
0.5 RLI e - = .
F et ] B 7
0.0 4 ] 1 mcHMa . 3
: ] C . i
-0.5__ g, T - 1 : :
i S i Ol wcH\s -
1.0 T . - B i
- ° B S L PN i
15 _ B S —— 3
-2_0: ' ' :I | [P | | | :
0.0 0.5 1.0 1.5 0.7 0.8 0.9 1 1.1 1.2 1.3

A
<

Red points at (v/f)? =0.2, 0.5, 0.8
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) The deviations that we do not (yet) see

m [ATLAS-CONF-2014-009] [CMS-PAS-HIG-13-005]

ATLAS Preliminary

Total uncertainty

mH = 125.5 GeV + 10 + 20
Model: k, k; : ' | 5
Pg,=10% +0.08 |/ ’
KV=1.15—0.08 . : 19
+0.17 : ey
Ke=0.997, 5] g e
Model: A, Kyy : / "
p$M=10% )\. _o 86+014 ‘ ‘ ’
Fv=Y-99 512 "9
Model: Ay, Ay K7z : 5
Peu=19% A =0.947014 : : |
wz=Y9% 529 l l '

Model: &, A, Ky
p,,=20% Ay, € : : 29
[-1.24,-0.81]U[0.78,1.15] | -\ oo 9
Model: A, A, & ./ :

psu=15¢}: o )"Iqe\/g/ :
[-1.48,-0.99]U[0.99,1.50] | - N, 1

Model: k, , : : /
Pey=9% +0.15 : : N A
Kg—1 .08_0_13 e 1 e ] 19
015 : v 20
KY=1.19_0:12 ‘10
Model: k5, x,, B : B : 5
Pe=18% +0.29 : L0412
BR, ,=0.16 5 N - RIHG.... 19

s=7TeV [Ldt=4.6-48fb"
s =8TeV [Ldt=20.3 b

0 1

2

Parameter value

{s=7TeV,L<51fb' ys=8TeV,L<19.6fb"

CMS Preliminary 8 68% CL
: == 95% CL
KV -.'.
*'
A . Py =037,
XWZ *: pSM _ 0.41
—'_
Ay, . p_=0.39
.................................................... OO PPOOSPPOPPOSPPPPORPPPORNS = NOTORPTOOOOOS
'*
Sl T Pey = 049
Ky —*.-:
*l
fd — e Py =023,

BR = 0.41
BSMT—— P -
| 1 1 1 I 1 1 1 1 I 1 1 1 | I 1 1 1 1 lS’\I/| 1 1 1

0 0.5 1 1.5 2
parameter value
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Spin is so much more than a number
BT I

0 The spin-2 amplitude has many (higher-order) terms:

~3 ~o
AX 5V V) =A1 [29(2)t L frDna pr@va 4 9oy VM Frua pr@vs 4 g(2) %t - ( frOm pe@) | g2 f;g))

+g£2) A2 t f:(l)aﬁf*(2) +m (29(2)t etp,e*u_l_2g(2) qu2ct » (GIVGEQ a *u) +g(2) qu t“,,e’{e;)
~ = o (2)y za
9.9 * F*(2 *U _*p o g t q ~0 [ ¥ * =V =
+08 2 tun O +m (gff’ ol q” + S po g8 (61 (465) + & (qel)))] : (18)
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Spin is so much more than a number
26 | [arxiv:1208.4018)

01 The spin-2 amplitude has many (higher-order) terms:

AX = ViVh) = A~ [29‘2’t fr e g ‘”“*W W)
+W+W+M )] ’ 18)

0 Keep only dim-4 terms (g, = g5 # 0):

o Graviton-like “couplings” (27 ).
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= J': a simplified picture

\
7%

[arXiv:1208.4018]

0 Until there is enough data, perform pairwise hypothesis
tests against SMH (0¥).

0 Select models using simplifying assumptions on amplitudes:
O O (parity) “from” ZZ.
O 2% (graviton-like minimal couplings) also “from” WW and v 7.

scenario X = ZZ X—=WW X =y
0;, vs background 5.0 5.0 5.0
0, vs OFf 1.7 1.1 0.0
0f vs 0~ > 2.9 1.2 0.0
of vs 1t 1.9 2.0 -
0, vs 1~ 2.6 3.2 —~
0F vs 2F 1.5 > (238 2.4
0, vs 2, ~5 1.1 3.1
0 vs 2, ~5 2.5 3.1
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& Parity: H—ZZ—4%

[ATLAS-CONF-2013-013] [arXiv:1312.5353]

0 Discriminants built from decay

angles and invariant masses.

1 Profiled likelihood ratio test
statistic.

0 CLg criterion protects against

fluctuations from null
hypothesis.

CL,
P(obs.| 0%)
P(obs.|0Y)

is=7TeV,L=51";/s=8

.7 b

Dyyy>0.5

- CMs
«' Data i o OprrrrrrrrIT
= ound 22" ATLASPre([:)mlnary g ok .
Bl Background Z+jets, f  H—ZZ -4l S
Signal (m, = 125 GeV) 2 7F e
—F=0" " §=7TeV|Ldt=4.6" S of EEmzx
= wf
5¢
3
2
1
J*-MELA Discriminant
03— 17— @
é F T I 1 1 I i 8
= [ ATLAS Preliminary —Data E o4
W0.25F H 272" 541 Signal hypothesis | 5 -
[ E=7Tev: fLat=46m" (m=125GeV) % r
0.2[ fs=8TeV: [Ldt=20.7 1" ~£=01 9 0.081
 J°-MELA A g X
0.15[ " =03 g 0.06|
I i
D 0.04
| [
| L
| 0.02
I r
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Other JP in H—ZZ—4Q

[ATLAS-CONF-2013-013] [arXiv:1312.5353]

C
\

E
N,

CMS Vs=7TeV,L=511b"Vs=8TeV,L=19.7 ft'
3" —8- CMSdata - - - Median expected
o> 60 MO =10 | N ]
D moe mre
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£ | anas peimnay  —pata £, ATLAS Preiminayy  —Data £ | aras peimnay  —pata : : : :
Wo.25 H -4l Signal hypotnesis 0.25F 4 522" 541 signaiyporesis 7 0.5 H >4l Signal nypothesis
0 Grorafame poo ] 03 Gwlamrs pagd o Goeiemre feg ] 201
b s -mELA —h =0 T —h=o T - meLa —f=0
0.15f 0 o . SRET 0.3 =2 ]
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ot S 4 E 0. ERI : i
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0.0 . §§ 1 oo0s il : -20F :
Y050 5 0 15 Y5905 0 5 10 15 Y5405 510 15 : : : i i : :
log(L(HYL(H)) Tog(L(HYL(H)) og(LIHYL(H)) -40r ; ; ; ; ;
v o 1 1t v =z % % % % g
any any qG—X any qg—X any gg—X qG—X any gg—X gg—X gg—X
JP-MELA analysis J” model J” production Expected (x =1) Obs.0" Obs. J*  CLg
P - 0~ any 240 (2.70) —0.9¢ +3.60  0.09%
tested J* for tested 0" for of any 1.70 (1.90) —00c +180  71%
an assumed 07 an assumed ]P CLS 1~ qq— X 2.60 (2.70) —1.40 +4.80c  0.001%
™ 1~ any 2.60 (2.60) —1.70 +4.90  0.001%
expected | observed | observed 1+ qq — X 210 (230) ~150 +4lc  0.03%
0" | po | 0.0011 0.0022 0.40 0.004 1+ any 2.00 (2.10) —190  +450  0.01%
+ 002 2% gg — X 1.70 (1.80) —08c  +260  1.9%
1_ po | 00031 | 0.0028 0.51 0.006 20 qq — X 160 (170)  —160 +360  0.03%
1= | po | 0.0010 0.027 0.11 0.031 24 any 1.50 (1.50) ~13c  +300c  14%
2+ | po 0.064 0.11 0.38 0.182 2t gg — X 1.60 (1.80) -120  +31c  09%
m . . . 4 b .
= 2! gg — X 3.70 (4.00) +180  +190 = 3.1%
2" | po | 0.0032 0.11 008 | 0.116 | 2 gg — X 400 450)  +100  +300  17%
——————— Je——
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Worse CL, for JZ0 <18.2% <3.1%
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ATLAS: combination against 27" _
m [arXiv:1307.1432]
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CERN Courier May 2013

LHC discovery

Birth of a Higgs boson

Results from ATLAS and CMS now provide
enough evidence to identify the new particle
of 2012 as ‘a Higgs boson’.

In the history of particle physics, July 2012 will feature promi-
nently as the date when the ATLAS and CMS collaborations
announced that they had discovered a new particle with a mass
near 125 GeV in studies of proton—proton collisions at the LHC.
The discovery followed just over a year of dedicated searches for
the Higgs boson, the particle linked to the Brout-Englert-Higgs
mechanism that endows elementary particles with mass. At this
early stage, the phrase “Higgs-like boson” was the recognized
shorthand for a boson whose properties were yet to be fully investi-
gated (CERN Courier September 2012 p43 and p49). The outstand-
ing performance of the LHC in the second half of 2012 delivered
four times as much data at 8 TeV in the centre of mass as were used
in the “discovery” analyses. Thus equipped, the experiments were
able to present new results at the 2013 Rencontres de Moriond in

March oivino the narticle-nhveice commnnitv enanoch evidence tn

March, giving the particle-physics community enough evidence to
name this new boson “a Higgs boson”.

results that tfurther elucidate the nature ot the particle discovered
just eight months earlier. The collaborations find that the new par-
ticle is looking more and more like a Higgs boson. However, it
remains an open question whether this is the Higgs boson of the
Standard Model of particle physics, or one of several such bosons
predicted in theories that go beyond the Standard Model. Finding
the answer to this question will require more time and data.

This brief summary provides an update of the measurements

Observed CL, [0(g9) |(2;,(99) |2:(qq) [1-(qa) [1+*(aQ)
compared with | pseudo- | minimal | minimal |exotic |exotic
JP=0+* scalar | couplings | couplings | vector | pseudo-vector

770 ATLAS |2.2% |6.8% 16.8% [6.0% [0.2%
CMS |0.16% |1.5% <01% [<0.1% |<0.1%
ATLAS |- 51% 1.1% = =

)
ww CMS |- 14% = = =
Yy |ATLAS |- 0.7% 124% |- =

Table 1. Summary of preliminary results of the hypothesis tests
compared with the Standard Model hypothesis of no spin, positive
parity (J°=0"). All alternatives are disfavoured using the CL ratio
of probabilities that takes into account how the observation
relates to both the Standard Model and the alternative hypotheses.

CMS preliminary L=5.1 and 19.6fb~1 at Vs=7Tev and 8Tev

20 ¢ data
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= Entry in the PDG

N/,

H° (Higgs Boson)

The observed signal is called a Higgs Boson in the following, although its detailed properties and in particular the role
that the new particle plays in the context of electroweak symmetry breaking need to be further clarified. The signal was
discovered in searches for a Standard Model (SM)-like Higgs. See the following section for mass limits obtained from
those searches.

HO MASS INSPIRE search

Value (GeV) Document ID TECN Comment

125.9 +0.4 OUR AVERAGE

125.8 +0.4 +0.4 CHATRCHYAN ' 2013J cMs pp . 7and 8 TeV |
126.0 +0.4 0.4 AAD 2 2012Al ATLS pp . 7and 8 TeV |
*** We do not use the following data for averages, fits, limits, etc ***

126.2 0.6 0.2 CHATRCHYAN 8 2013J CMS pp . 7and 8 TeV

125.3 £0.4 £0.5 CHATRCHYAN 4 2012N CMS pp . 7and 8 TeV

' Combined value from ZZ and yy final states.

2 AAD 2012Al obtain results based on 4.6 — 4.8 fb™! of pp collisions at E.,, =7 TeV and 5.8 — 5.9 fo~! at E.;, = 8 TeV. An
excess of events over background with a local significance of 5.9 ¢ is observed at myo = 126 GeV. See also AAD 2012DA.

3 Result based on final states in 5.1 fb=! of pp collisions at E., =7 TeV and 122 fb™! at E¢y, = 8 TeV.

4 CHATRCHYAN 2012N obtain results based on 4.9 — 5.1 fb~! of pp collisions at E,, =7 TeVand5.1 —53 7! atE.;, =8
TeV. An excess of events over background with a local significance of 5.0 ¢ is observed at about myo = 125 GeV. See also
CHATRCHYAN 2012BY.

References
Document Id Journal Name
CHATRCHYAN ~ 2013)  PRL 110081803 NB: the mass measurement alone “cleared up”
AAD 2012AI  PLB716 1
CHATRCHYAN  2012N  PLB71630 a huge chunk of BSM space.
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201 3: “killer” news

[“Lawrence of Arabia” idea from C. Grojean]

0 SM-like: the Swedish academy shot the prize at
Englert and Higgs.
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Flexing your BICEP2 muscles

m [arXiv:1403.3985]
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7 Who knows ¢

Multipole

a.david@cern.ch

Is Higgs Inflation Dead?. (arXiv:1403.4971v1 [astro-
ph.COJ)

12 hep-ph updates on arXiv.org by Jessica L. Cook, Lawrence M. Krauss, Andrew J. Long, Subir
Sabharwal / 1d // keep unread // hide

We consider the status of Higgs Inflation in light of the recently announced detection of B-

The Gravitational Wave Background and Higgs False y the BICEP2
Vacuum Inflation. (arXiv:1403.5244v1 [astro-ph.CO]) v BICEP2, the
1 hep-ph updates on arXiv.org by Isabella Masina / 1d // keep unread // hide ion genera"y

al to ask if Higgs
s essentially no,
syond the

of the onglnal
For a narrow band of values of the too auark and Hiaas boson masses. the Standard

ModelHi Hjggs inflation still alive. (arXiv:1403.5043v1 [hep-ph])
where pr 5 hep-ph updates on arXiv.org by Yuta Hamada, Hikaru Kawai, Kin-ya Oda, Seong Chan Park / 1d //

keep unread // hide
is an ass

that banc

the tensc
collabora

Hiégé Chaotic Inflation and the Primordial B-mode
Polarization Discovered by BICEP2. (arXiv:1403.4132v2 ial becomes small

[hep-ph] UPDATED) sonsider the Higgs
33 hep-ph updates on arXiv.org by Kazunori Nakayama, Fuminobu Takahashi / 4d / keepunread # Ut that the non-
e 1aller than ten. For

lich is consistent with

We show that the standard model Higgs field can realize the quadratic chaotic inflation, if
the kinetic term is significantly modified at large field values. This is a simple realization of
the so-called running kinetic inflation. The point is that the Higgs field respects an
approximate shift symmetry at high energy scale. The tensor-to-scalar ratio is predicted to
be r 2~ 0.13 — 0.16, which nicely explains the primordial B-mode polarization,

r=0. 20_0 05 recently discovered by the BICEP2 experiment. In particular, allowing small
modulations induced by the shift symmetry breaking, the negative running spectral index
can also be induced. The reheating temperature is expected to be so high that successful
thermal leptogenesis is possible. The suppressed quartic coupling of the Higgs field at high
energy scales may be related to the Higgs chaotic inflation.
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) Who ordered a pipette?

Particles smaller than the Higgs boson
exist?
By PTl | 23 Mar, 2014, 01.52PM IST 4 1 comments | Post a Comment

READ MORE ON » settlement option | net worth | Insurability

LONDON: There are unknown particles

floating around the universe that may be /
even smaller than the Higgs boson, the
'God particle' discovered in 2012, scientists
say.

The so-called techni-quarks can be the yet
unseen particles, smaller than the Higgs
particle that will form a natural extension of
the Standard Model which includes three

generations of quarks and |eptons_ Ryttov referred to the theories that have been put forward over
the last five years for the existence of particles in the universe

that are smaller than the Higgs particle.

These particles together with the
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Decay Modes

T; Mode

l"1 HO = WW*
I, H® - 7z*
I3 H - Yy
Iy H - bz
T H - zt¢-

Fraction (I'; /T)

seen

Scale Factor/

seen ‘;

seen
possibly seen
possibly seen

H° SIGNAL STRENGTHS IN DIFFERENT CHANNELS

Combined Final States
WW* Final State

ZZ* Final State

yy Final State

bb Final State
7+7~ Final State

" P
Confidence
Level (MeV/c)
1.07 £0.26 (s=14)
0.88 £0.33 (s=1.1)
+0.30
0.89 "5
1.65 +0.33
+0.8 Decay Modes
0.5%7
0.1 +0.7
I Mode
I Z—ete”
I Z>ptpm
I3 Z— 1t
Ty Z-te
I's Z- e ote
T Z — invisible
Iy Z — hadrons
Ty Z— (uu+cc)2
Iy Z—»(d;+s§+b;)13
FIO Z—cc
I'n Z—bb
I Z— bbbb

a.david@cern.ch

Scale Factor/
Fraction (I'; /T) Confidence
Level

3.363 +0.004 %
3.366 +0.007 %
3.370 £0.008 %
3.3658 +0.0023 %
(4.2 499 x1076
(2.000 +.006)
x107!

(6.991 +.006)
x107!

.116 +.006

156 +.004
(1.203 +.021)
x107!

(1.512 +.005)
x107!

(3.6 £1.3) x10~*
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(MeV/c)

45594
45594
45559

45594




@ The future

0 We must examine this Higgs to the fullest extent !

It may be the only clue to leave the SM oasis and cross the desert.
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@ The future in a nutshell
N

0 Boson “solo gigs”:
Beyond spin hypotheses tests.
Theory uncertainties and ratios.
The adventure of unfolding: going differential.
Statistics-limited: ttH, tH, invisible.
Total width interferometry.
Loops and rare decays: ZY, v Y, full Dalitz, u u.
Weird decays: vector mesons, t—cH FCNC, etc.

1 Boson & friends:
Small deviations: from the K -framework to Wilson coefficients.

Global electroweak picture: EWPD, Higgs, and aTGCs.

0 Caveats:

Not directly discussing beyond-one-doublet alternatives:
extra singlet, MSSM, 2HDM, nMSSM, triplet and double charged, etc.

® They need searching as well !

Not discussing parity, which is a definitely not a closed case.

a.david@cern.ch  LHC Physics 2014



h ATLAS Prelim. —og;zt;gc, Total uncertainty
_ — O\theory
eo I"y my, = 125.5 GeV oitheons) + loonu
[ inti = A=
=1 uncertainties w1578 | ) T
H—Zz* 4 o i e
N N _ +0.40 [-0.13 :
1 PDFs not dominating Y 0 N R T B =
H— WW* — Iyl “oz 5 —
on /. u =\; _\(,)0+0.32 +§?§ J : .
ggH vs VBF+VH. Combined == E?; = l = "_'|__||
. R H—yy, ZZ*, WW* +0.16 :
PDF4LHC prescription = 1.35021 [0 J e
R -0.20 |-o0.11 T B N N
too conservative? - —~
W,Z H — bb =0
PDG O (¢ ) too w=0.2%7 ;j ; g
. 0810 | e
aggressive? H—> vt (8 TeV data only)|-3 : P! !
w= 1.4 103 J : —T
o4l |*T i T
Combined roo : — :
o NNLO-+NNLL not H—bb, Tt u = 1.09%03 051 :
Y032 (100 ' HH
enough to tame large e
QCD corrections in Combined ra0ee S | ) -
. w=1. +0.10 . :
gluon-fusion? e
s =7 TeV [Ldt = 4.6-4.8 fb” -0.5 0 0.5 1 1.5 2
/s =8 TeV [Ldt = 20.3 fb” Signal strength (u)
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& Theory uncertainties: MHOU
-

0 Scale variations are not Vs M) _ L e s
. oRO(/5 My) o S RS =
theory uncertainties.

. . 8 TeV | /,L:MH/2 = My uw=2My
0 The uncertainty is due to K o

99
Kgg 168.98 +£30.87 377.20 £30.78 681.72 +29.93

missing higher orders.

Higgs Theoretical Uncertainties (Fixed NNLO PDFs)

0 Take gluon-gluon fusion:

25

All series terms are

We can try and complete
the series instead of
always being off.

10

Inclusive Cross Section

.......... + 11 [

5

—_
[}
llI||II|||III|1IIII||III]I
—
L 2
.
S S E—
>
—

0

|
NLO NNLO N3LO
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] Theory uncertainties: a tale of PDFs

0 Long-standing difference in d/u
ratio between MSTW and others.

0 Neatly resolved by CMS

W asymmetry measurements.

0 MSWT made parameterization
more flexible: case closed.

a.david@cern.ch
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@ Theory uncertainties

1 Bottom-line for Run2:
Consider measurements that constrain PDF fits.

For higher orders, more than precision, also a matter of
accuracy.

® Need to work with theorists to get these right, also
differentially.

0 Or you can try to dodge them with ratios...
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CERN
\

Ratios to the rescue?

[arXiv:1303.6591] [http://cern.ch/go/gLP9?]

1 Total width not accessible at

the LHC
o(pp—H)XxBR(H—XX) BR(H—XX) C(H—XX) 9
1 More on that later. Dyt o Zg%,g%%%}’ég;“‘ = z%gg’%;‘ = ‘;‘gg%f‘ = '|C’V‘|'2
0 ldea: take ratios and cancel
out the TH uncertainties.
e
Fit of u ratios
01 But this is naive: “f
THU only cancel if the osl
phase-space probed is ]
f
exactly the same. 00]
0 More statistics allows for ol
exactly matched
kinematics. e
[March 2013]
0:0‘ ‘0:2A ‘0:4 A 0:6 . 0:8 ‘AI:OA ‘1:2‘
Cy
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& Differential distributions

doyge/ dp, [fb/GeV]

Ratio to POWHEG

0 20 40

0 Differential picture directly touches fundamental aspects:
The loop structure where new particles may be running (p; shape).

The QCD structure of the calculations (N

|e’rs)

0 ATLAS H— Y 7 result and the adventure of unfolding.

lllustrates the power of having more statistics

CTTT | 1T | TTT | TTT ‘ TTT I T 1T | TTT I TTT | TTT ‘ T1TT1]
a ATLAS Preliminary 4~ data syst. unc. E
E XY 99—H NLO+PS (Powkea+Pr8) + XH
2 [[]]] gg-H NNLO+NNLL (HRest.0) + XH ]
£ ==+ XH = VBF + VH + fiH E
F H-yy,\s=8TeV ]
3 _I.L dt=2031" 3

— _:
S .
.|L+-4||r1-| r-r-v-1|-+ | . | L
T 1T +\ T |+I T | TTT ‘ LI T 1T | 1T I L | TTT ‘ LI

LI
\\\\\\5“ ~\\~~~\\::"~-.‘s:} SR

LTI HHMH# T T

cole o Lo by Ly
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Particle level pTw [GeV]

G,y (o]

Ratio to POWHEG

35

301

25¢

F ATLAS Preliminary +4- data ]
—H NLO+PS (PowHea+Pv8) + XH 1
k g9 + +PY8) + 1
777} 9g—>H+1i NLO+PS (MNLO HI+PY8) + XH ]

==+ XH = VBF + VH + ttH

syst. unc.

H-yy, \s=8TeV T

_[L dt=20.3fb" ]

Particle IeveI N,

jets
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(signal-like

12

excess).

_III\‘IIIIlII
r ATLAS Preliminary

10:— —+— data

syst. unc.

do,,/ dAG [fb]

==+ XH = VBF + VH + ttH

(02}

[ Hoyy, \s=8TeV

i J-L dt = 20.3 fb"

L gg—H NLO+PS (PowHes+Pv8) + XH
81~ 777 gg—H+1j NLO+PS (MinLo HJ+PY8) + XH -
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&)}

Ratio to POWHEG
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@ Boosted Higgs + Ratios
o

l.2_|||||||n|| |||||||| R
L pp~H+X  Vs=8 TeV Hp=pgp=my=125 GeV -

0 p+(H) sensitive to the loop e wrvons 0o
particle masses.

m,, intrinsically ill-defined.

0 ldea: check p;(H) in H+j
and use THU “cancelling™:

o GeV i
Rice,kg) = Ufzz—(}e\/(% kg)Kwo "
€

But it's a 3000/fb venture. o

-02-

‘‘‘‘

‘016‘ | ‘018 | ‘l.‘()‘ | ‘1.2 1.4 (WithUf R)

Ct
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= QOversimplified big picture
P g p
e

T — Tevatron; A — ATLAS; C — CMS; recent results in red.

H—cc

H—HH

o
|
o
(o

H—TT H—WW H—ZZ H—7YY H—ZY H—inv. H— U U

)
2
F
x

)

=
(")
(2]
o
o

E
1

:::
()]
(1]

'm

x

TIA|C T|A|C T|A|C T|A|C T|A[C T|A|C T|A|C T|A[C T|A|C

ggH Wk k[ ok k| % ok k[ ok k| - K K- - - | - K | -
VBF *| K K K *x * * x * | - * *| - *| -
VH B 2B 4 (¢ | K K X * * x| - * k| -

m * x| X w| * * * * x| -

0 Still much to explore on the rarer ends.

(to the right and to the bottom) (and outside this picture =
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¥ VBF, H—bb

[CMS-PAS-HIG-13-011]

CMS Preliminary 1§ =8 TeV
< E T T T T T T
Q o E Presel. & Trigger
o 10° ® Data (19.0 fb')
; [QCD (x 1.31)
€ 10'F Dzsiets
g E Ot
3 [ [ single top
w 10 E ST WHets
5 J—VBF H(125)-> bb
10° g H—GFH(125)> b5
10 3 %
CAT4 ]
1 _ S 200 + e Data -
1) 2 } 2} —— Background-only Fit -
= 15 Y] [DFits 1o R
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g 05 5 . 5 X X ‘ ‘ T‘ - @ [ Signal (125 GeV) x 10 ]
] ]
° -04 -0.2 0 02 04 06 08 1 1.2 [ 100
ANN Output o
50 1
0 Neural network event g T

Data-Fit

classifier. i

P R RSP E RN BN BRI RN BRI B
80 100 120 140 160 180 200 220 240

. . M,, (GeV)
0 Simultaneous m, ¢ fits M
to 4 ANN categories. < - is=8Tev —-oieye E
g * o - L=19.0fb" - CL H125 Injected .
S 10 VBF H— bb -g::sEXPec‘edﬂU -
é C s Expected= 20 ]
o8 =
0 At my=125 GeYV, g o E
(95%CL), obs.(exp.) or 3 of , E
u =0.7 1.4, S T T '1;5' T i®m

Higgs Mass (GeV)
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iﬁrH—>)u,u

“ [ATLAS-CONF-2013-010] [CMS-PAS-HIG-13-007]

> T T T T T
@ imi - Dat %% SM (stat) CMS Preliminal S/(S+B) Weighted
LTS ATLAS Preliminary e tos I e N OMS Prelim ay (S+B) Weig !
o P is=8TeV, [ Ldt=207 tb" mww O S 9000 B TvL= 5ot S0 ]
- jets
0 Probe couplin E b oma S Bl Goooft i e
w [=} 70005_ _s'gnalm_;ussevmoé
huy E
£ 6000
c
fo second- 5 sonk
w

generation

° E
fermions. e o
§ T T&;s 7 gz o
. o WV T T T =
0 Very clean final

Hu CMS Preliminary Combination

70 e A

qufe. g‘ " ATLAS Preliminary s ] 3 P rvi-son B
£ 60;— +(|5?|?S€|rgved o Gl —; £ 35;—\f§=8TeVL=19‘7fb'1 3

- PP Bxpecte JLdt=20.7fb’1 E & afF 3

0 CMS also uses 3 = =¢ w1 z
S 40 \s=8le = 2 BF E

dijet category. ° .. | Sa :

I g Y' 30 - (__]) F 1

. 3 R 15F E

BR < 104 inthe = L :
D In e 10; ] E ]
C ] 5 =

sed I"Ch rqnge, 007115120 125 130 135 140 145 150 ob Al BT Ry —Tr
my [GeV] my, [GeV/c?]

Obs. (exp) ATLAS _oms

ML at 125 GeV (95% CL) <9.8 (8.2) <7.5(5.1)
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iirﬂH,H—wf)’

n [ATLAS-CONF-NOTE-2013-080] [CMS-PAS-HIG-13-015]

5 CMS Preliminary Vs = 8TeV L = 19.6fb ™!
7 B > 7E T T T T T = s E_ ttH(—YY) leptonic channel —4 pata
/Q [} £ ¢ Data ATLAS preliminary J 845¢ — Blg Model
120000000000000 » O 6 SR+CR background fit — T 40
g w S SM signal (m, = 126.8 GeV) E 3 E e
L1 2 OF ... SR-only background fit = S35 [Jez
§ 4F  Signal region Leptonic channel | 5 @ [] xSMm, = 125 Gev
.20000000000000) y '-'J o E 3
I , 5 SE E 250
2= I
w F .. = E
1,_‘ ____________ a Bl S R B 15
E I I L | I I L = £
I:l Tq g g in g of 2000;— Control region s =8 TeV ILdt =203 fb'1_; 1=

1 L E
Ieptonlc qnd 100 s = e o 1rrt1-)O [Gecl?o T 120 140 160 180
hadronic W " s (o

-
o
o

E% 40% II_IOIbsler\'/ea bLIs Iilmilt 'HI—; ’Y:Y S é 5 30 ~CMS Preliminary \V§.=\8|T°IV‘ Iy_=l1‘9,'6‘ﬂ‘)"| e
© 35 — Expected CL, limit fiH channels comb. g f 3
deCCIYS fI’Om TOp § 30i -J_r1z ’ ATLAS preliminary ] 525:_."_0[’59"'ed ]
M E g t20 Data 2012 \s = 8 TeV g 3 E G ]
(q nti -)q uad rks‘ o ILdt =203 1" E Foaop- 7 Expected 20 1
X 20 = = F
. CHI: E 1 15
0 Direct access to ER
. 1of- E 10F
the top-Higgs ; — :

Sl e g ‘ -----------------------------
COUleng. O30 a2 24 126 128 130 oroee ¥V

I T T Y T O A
10 115 120 125 130 135 140 145 150

m,, [GeV] m, (GeV)

Obs. (exp.) ATLAS __oms

ML at 125 GeV (95% CL) <5.3(6.4) < 5.4 (5.3)
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Y& ttH, H—bbor T T

[CMS-PAS-HIG-13-019]

Post-Fit (S+B)

Post-Fit (S+B)

Post-Fit (S+B)

CMS Preliminary Vs=8TeV,L=1951 ' CMS Preliminary Vs=8TeV,L=19.5fb ' —— ttH(125) x 30 CMS Preliminary Ys=8TeV,L=19.5f "
% 50— Lepton + 5 jets + >4 b-tags % Dilepton + >3 jets + >3 b-tags | W f 4+ If *2 25 Lep + 1,7, + >4 jets + 2 b-tags
g Z N it 4+ cC &
N . ti+b 20 — ttH(125) x 30
- R ‘ i
- m Singla t — -
‘— = M =
L tt+W,2Z
r 7 Bkg.Unec. B e
o —+— Data 10 ;
C Bkg. Unc.
—+4— Data
5
Lz , 2 mRe R pralis 08 20075 2
s s g
s 3 s
g ° g T = g ]
0-08 06 04 02 0 02 04 06 08 %08 06 04 02 0 02 04 06 08 008 06 04 02 0 02 04 06 08 1
BDT output BDT output BDT output
D Th ree Chqnnels: CMS preliminary Lepton+Jets, Dilepton, Tau Vs=8TeV,L=19.51"
— — E C H T
0 Lepton+ijets: tt = 2 v qq bb, H — bb. g"’ jgf T Observed
— — . ttH(125) injected
o Dilepton: tt — 2+ ¥ 2V bb, H — bb 5 b = e b
lepron: ’ . 2 12— 5551 Expected = 1o
. + ™ - I= Co .
0 Hadronictau: it = 2V qqbb,H— T*+T-. £ o 7 Bweded=20
= -
° ° o .
0 Categories on number of number of jets and b-tags. =
io -
. ofe °’ 6
o Fit to BDT classifier. g
4
0 Atmy=125 GeV, ,
M <5.2(4.1) (95%CL), obs.(exp.) or -

_— + '?1!:)I - I115I - I120I - ‘125| - ‘130| - I135I - I‘140
M =0.85 x2.5. . (GeV)
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¢ ttH, H—multi-leptons

[CMS-PAS-HIG-13-020]

P E)MS Prel\mvnﬂr‘y, 3 cha‘nnel : v|§=a1’ev,L=19.s ' @ ?Ms Preliminary, e"u= t‘:hannel‘ \:E:STe‘V.L=1?.s ' @ E:Ms Preliminary, e*e* r‘,hannel‘ v|§=s're‘v.L:1|9.s m'*i P i:Ms Preliminary, p=p* ‘\mnne'| v‘gzs'relv‘Lﬂ‘g.sm'i s 14 Vg =8TeV, L=19.6 b
< £ = ..
g E g E 3 o? [ CMS Preliminary —= Observed
E - 0,
oF B 12 my=1257Gev i3 Exp. (68%)
b M “ Exp. (95%)
E =3 L
20E c 10
15 _8 r
10F § L
sE ’q_) r
E Q.
L I I .
£ 8 =g’ £ £ § =
o @ 2 10 @
s % + ER: 8 s 2 ~
5ty 5 i g O
0 3 H 3 E \o
-1 -08 -06 -04 02 0 02 04 06 -?).8 -06 -04 02 0 02 04 06 08 -%.8 -06 -04 02 0 02 04 06 08 -%.8 06 -04 02 0 02 04 06 08 o
BDT output BDT output BDT output BDT output g |
0-....|....|....N....|....|....|
10 115 120 125 130 135 140

m,, (GeV)
ys=8TeV, L=19.6fb"

0 48, 32, and same-sign 24. s Prfminay [ G

-m, = 125.7 GeV i@ Exp. (68%)
0 BDT discriminant.
four-lepton

- Exp. (95%)
0 At my=125.7 GeV, gogtesen |

n<6.7 (3.8 exp)

U <6.6(2.4) (95%CL), obs.(exp.) or cxrumen T
u =3.7 x1.6. "L<TB (@7 exp) |

dimuon

O One excess out of how many H< 142 (44 000
measurements? k<66 (2.4 exp) S5 |

95% CL upper I|m|t onu = o/o
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S Y CMS ttH combination

[http://cern.ch/go/vf8d]

- - -
CMS Preliminary ~ bb,teyyWW,zz JEgTev b2 50m

— b% ; —— Observed
0 Combine all the channels: ¥ ¥, bb, T T, -« o e
. 2 7E Expected + 16
qnd mUITI‘IepTO“S. % 65 ------ Expected + 26
s F
0 At m,=125.7 GeV, 5o —
M <43 (1.8) (925%CL), obs.(exp.) or e
— +1.1 2
u - 2'5 -1.0° 1= '
. . N R RN | AR AP A
(m ( K Vi K f) Comqulble with SMH. 0 115 120 125 130 135mH(GeV1)40
CMS Preliminary Ys=8TeV,L=19.5 fb!
CMS Preliminary Vs=7TeV,L=5.01fb";{s=8TeV,L=195 fb" s 3
Y, WW,
vy ———— 7 GeVic p
25 N
bb [~ —— '
Hadronic tt |- L
4 — v—I— 15
3l —— 6
Same-Sign 2| — —a— 6
0.5 4
Combination — - )
Best fit o/og,, at m,, = 125.7 GeV K R R
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Statistics-limited: tH
53 [ [amiv1211.373¢]
0 Interesting added value

. . , S ANNN———
to the couplings fit. % Wé g W
b t b h

o Esp. in the presence of a ©~  ~ —F— ——~1----
diphoton excess.

0 At the top-Higgs
border.

0 TH projection for 14 TeV s

and 50 /fb looks
promising.

O !
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g = tHqg and flipped couplings
N

CMS Preliminary, L=19.7 fb™ at /s =8 TeV

S\ _l TTT | TTTT I TTTT | TTTT I T T 1T I T T T I T T TT | TT ||
8 05:_ e Data _:
AU [ JtHq (Ct=-1) .
: "y . PR | ExtrattH (Gt=-1) |
0 Interference gives sensitivity to sign of <€ 0.4p - .
K K\ L%’ B I ttH (125) -
c VH (12 3
o In tHq production: 15x SM if flipped. /_— v (29) —_
0 InH— Y Y decay: 2x SM if flipped.
0.2~ .
o SMH now a background ! N_ E
L . L B I |||||||||I|IIJ | | I 111 I:
0 Tight selection against ttH. P00~ 110 120 130 140 150 160 170 180
o No data survives selection. Diphoton Mass [GeV]
Obs. (exp) s

U(K,=-1)at 125 GeV (95% CL) <4.1(4.1)
a.david@cern.ch  LHC Physics 2014



Rare decays: full Dalitz
@

0 Y Y and ZY loops
sensitive to different
physics because of V-A
structure for Z.

0 More information from
full my, spectrum.
Need to clearly define

the phase-space used in
analysis.

1071

analysis

1072 ¢

108 |

[keV/ GeV]

104

dr

AM e+~

1075

1076 |-

el

& Mery > 0.1 Mg
" My > 0.1 My

.....................
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25 50 75 100
Myre- [ GeV]
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(E/RW
\

N,

H— Y Yy —Y

“ [CMS-PAS-HIG-14-003]

om,, < 20 GeV.

1 Veto J/¥ and Y.

Events/2.0 GeV

Requirement

Observed event

Expected number

yield of signal events

for my = 125 GeV
Trigger, photon selection, pj. > 25 GeV 0.6M 6.2
Muon selection, p4' > 23 GeV and p > 4 GeV 55836 4.7
110 GeV < my,,, <170 GeV 7800 4.7
My, < 20 GeV 1142 3.9
AR(vy,p) > 1 1138 3.9
Removal of resonances 1020 3.7
p1/ My > 0.3 and pi*/my,,., > 0.3 665 3.3
122 GeV < m,,,, < 128 GeV 99 2.9

Obs. (exp.)
U at 125 GeV (95% CL)

a.david@cern.ch

CMS Preliminaryi's = 8 TeV, L = 19.7 ! Hoy*y—upy

60 T T T T
—— Background Model
50
—— Expected signal x1
40— ]
30f -
20F -
10 +
:- L1 ..‘I.\.\I.\..\.\..:
?10 120 130 140 150 160 170
m,,., (GeV)
CMS Preliminary
30 — T T T
(s = 8 Tev;L,, = 19.7 fb"
— Observed Hoy* Y-y
25 |- Expected
[ Expected t 16
20 [ ] Expected + 20|

15

95% CL limit on G/GSM

10

150

0 145
m,, (GeV)

<11 (8)
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&) Y ZH—20+invisible

[ATLAS-CONF-2013-011] [CMS-PAS-HIG-13-018]

CMS preliminary, ZH — II+ME 1, §s=8.0 leV, | L=19.61b "

— s> S0—r—r e > — : I :
q 8 " [0} 80 £ TopMWWIW+Jets (data) .wz—» N
ATLAS F'rellmlnary \s=8 TeV @ Data L=13.01fb 0] E
8 oL T "z a Wz 8 70 E_ ”””””””””””” - [ 2> nata) .u-. 202v
E — ZH(125) @ daa
% B Top " WwW : 60
g mzz 2 F
o 30 -+ Signal (SM ZH, m =125 GeV) S 50F (ee+up)
>
w40

q
What if?
Disentangles invisible

o by b b Py
IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|

L L L L

50 100 150 200 250 300 350 400 450 800 1000
ET"* [GeV] M:(Z,H) [GeV]

0

CMS Prellmlnary

in CMS.

0 v T B

105 110 115 120 125 130 135 140 145

120 140 160 180 200 220 240 260 280 500
my [GeV]

Obs. (exp.) ATLAS s

BR. , at 125 GeV (95% CL) < 0.65 (0.84) < 0.75 (0.91)

= T T UL B T T — 120
from undetectable = ey . cypennin & et S P
* = \s=7TeV, | |_(::2;.7fb" —— Observed ] £ 100~ 7T L o (E):;:g:: 7
. . R 7 {s=8TeV, | Ldt=13.0f" _____. Expected = I C =B Tov, [ L1906 " I Expected + 16 -
0 Cosmic connection via & E R [ Expecid 25
. ° s} B X C ]
limits on Dark Matter. * 1E e -
4 = = r ]
T~ £ ] = 4o ?
0 Also VBF and Z—bb 3 EREE B :
% 3 20 i =
e 2 s ]
wn
(o))
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@ v VBF, H—invisible

[CMS-PAS-HIG-13-013]

> P — 35 N P
® 104E CMS Preliminary —e— Observed s = 95% CL limits CMS Prellmlnary
O " Llsmevis § — Signal 100%BR ® r o
o . - \s=8TeVL=19.6fb - Vijots % 3 — Observed limit E =8TeV L=19.6 fb-1
o 10°F b> - - Expected limit
-~ g B tt+DY+VV < "
~ - —~ 25— [ Expected limit (10)
o 10°F I -
- S = L Expected limit (2 o)
S 1nl (-
z T
C L —
= m 1.5
: N
10'1 E © 1 :_
10°E 0.5F
nal C
b500100015002000250030003500 _llvllIllllIIlIlIIllIIlIlIIlIIII
“1GeV] foo 150 200 250 300 350 - 4%
1l H

0 At m=125 GeV,
BR. < 0.69 (0.53) (95%CL), obs.(exp.).

nv.
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= Statistics-limited: invisible
N

1 Cosmic connection at the HL-LHC.

o Direct bounds for massive dark particles with m, < m,/2.

F _37 LI | I I I 1 1T TT | T I 1 I L I I I I 1 LI H
£10 . m— XENON 100
O 4 ~38 Higgs Portal model for ATLAS —— XENON 10
'E' 10 39 —— XENON 1T
- ] pAMALIBRA
= 1 0 \ [ cCRESST

- -

8 10 40 ‘ \ [_JcbMs 26

(7)) 1 ()-44 [ cowms 1o

) B CoGeNT

»n 1 0'42 = \ s ATLAS scalar DM

e 1 -43 s ——— ) &% ATLAS vector DM
o 0 i ATLAS majorana DM

;T“_—“ -
S
S 104 = =
&) 0 >‘
W XD A,
90095050 8% .
L 10% BB
RS IRIE?
-48 R LASBIRARY
D 1 O O RIRGUBEXRKS?
A
-49 3R REAXRN
10 RTINS . . .
RIS Higgs coupling combination
XKL BRI

1070 o 1
_ a Vs =14 TeV, [Ldt=3000 fb
10 51 11 I 1 1 1 L1 1 11 I 1 1 1 | I I I | l 1 1 | L1 1 1 |55
10° 10°
DM mass [GeV]
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&) Direct and indirect combined
m

llllll] IIIIIII L

0 Shown by ATLAS at TS 10 i ATLAS Prellmmary
Moriond 2014. Z g
o

1 Combination

o BR,, < 0.37 (0.39) 10
(95% CL), obs.(exp.)

0 Dominated by
constraints from the 1047

.
l,.'

R

AKX

Aww*f’w \s=7TeV, [Ldt=4.6-4.81b"

—h
(>,
IS
[{e}
j II II II II II II II II II II II I| II I| II II II I|_
o
>
.
&
X
*
Rl

H 1 ‘.-‘::.'."“.:.' "Y ‘?::- o __:
visible decays. o (s=8TeV, [Ldt=2031"
S h—yy, h—ZZ" 41, hWW* siviv, ]
pe ' h—1t, h—bb, Zh—II+ET™ )
[ DAMA/LIBRA (99.7% CL) ATLAS (95% CL) in |
53| [ CRESST (95% CL) Higgs portal model: |
10 [ J1CDMS (95%CL) = aaw Scalar WIMP -
B CoGeNT (90% CL) —— Majorana WIMP
1 0'55 . XENON10 (90% CL) wwss ector WIMP —
—— XENON100 (90% CL) |
PP LUX (95% CL) =
10 1 Lol L 1||‘|1|| L1 11 Th
1 10 © 10° 10°
! m, [GeV]
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@ Probing the Higgs total width: [,

Hadron collider
(LHC)

0 All rates are
proportional to
0 XBR, =
er/r

1 Deemed
impossible to
access [ ...

A:
(B2 — M?)* + M2T2’
\\

f(E) =

Linear collider (ILC)
0 ete—ZH with Z—2

*Q- and H—X(recoil).

Get 0, from
recoil.

Get 0 ,,XBR,, from
rates like LHC.

Get FZZ from 0 4.
Get [, =T,/

150

Events

100

50

) e,
05 120 125 180 ¢5 140
Myecon /GEV

a.david@cern.ch

Muon collider (?)

1 Scan the muon
energy and
measure the

resonance
shape directly.

11 Cf. LEP e*e-
—Z (below).
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&) Total width: interferometry

[arXiv:1206.4803] [arXiv:1211.3736] [arXiv:1305.3854]

O

Kauer-Passarino note that:

2MVV

< do ) o MHFH
= OH,ZWA
dMyv ZWA

the on-shell total width.

(M2, — ME)® + (MyTw)?
O above ZZ threshold is independent of

Caola-Melnikov propose analysis in ZZ—42

and estimate [ ;<90 MeV for LHC Runl.

off-shell production interferes

with . (9

Dixon-Siu show how total width affects
signal-background interference in v V.

0 ATLAS HL-LHC projection: [ ;<100 MeV.

§ ——— NN NNV 9

HTO powered by complex - pole - scheme

L7

WWwW

2 Mw
| wwii
10—
1072
= 7 Lo
= i
E ol
§§ :
= 107 | !
= "
ZZEE
1073 "
10-© "
Vo,

2 M, 1000
My, [ GeV]
q
§ ———"\ NNV g |4
> 5000~ > O
é F ATLAS Interal y=200 % g = 0.81 GeV 8 E  ATLAS Interal y=200 % I'yy =081 GeV.
@ C _ o - @ E _ A s=
b 000~ JLm-z.Oab,E.MTev b, <30Gev S 2500 ILm-a.Oab. Vs=14Tev P, 230GeV
S C After background subtraction Data % E After background subtraction Data
¢ E H —— Fitto data £ 2000 —— Fitto data

= 3000~ NS -~ Undisturbed H—yy = E - Undisturbed H—yy

E r * ld N -+=-= Interference correction 1500 * -+=-= Interference correction

2000 \&/ + \ Corected H—yy Corrected H—yy
E [ R 1000
v \
I v N

B g.{llllm.lm.ﬁ mﬁmﬂ ﬁ I

i
|
gl DT

i

8 -Tﬂw ""‘F‘ﬁ*'ﬁi'ﬁf“

2000C | 1 |
200015 115 120 125
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\ H": constraining the width of H
“ [CMS-PAS-HIG-14-002]

0 Define r = Ty/TM

CE/RW
\

lllllﬂ] L LLLL

S E - T T
)
107 — ZZ — 4|, signal onl
1 On-mass-shell we have 3" 9% gnatony
on—pea K2K2 g 10‘3 :E = )
oo R, =L (0 B)sy = u(0 B)su = - 3
. 10" .
0 Off-mass-shell there is no r: 3 3
off —pea off—peak, off —peak, -010-5 E
e N z
dmz; 8L dmyy - dmzy 10° =
= 'gszgHgg'z . 3
. 107 + : =1
0 Can make inference on r + Lt B
assuming: 0! ol PSS
_ g'+ . o]
O u —0.93_0.25 (qu|V:] 31 2.5353) - 25102 3510° 4x10°
0 Only SM processes —ZZ: SEING m,, (GeV)
= gg—H*

7 [ pb]

" gg = |gg—H* + gg—non-H|?
m |gg—H*[? + |gg—mnon-H|? NE
m Total = gg + qa M

a.david@cern.ch  LHC Physics 2014




H": constraining the width of H
s she i

~0
)
z
|II
]|

CMS preliminary fs=8TeV,L=19.7 fb
0 Two channels exploited: 3
O =nl ‘ ]
50 qq+VV — ZZ (I = 25x =
o B gg —-ZZ(C=25xI"_ ,u=1)
0 Z7—40 _ S b |gg+WV > 2Z (SM)
m 2D: m4Q + MELA(gg vs. qq) £ a0 [ aqa—-2Z
& 40r | mmzx
> L
W r
30+

600 700 800
m, (GeV)

‘POO 200 300 400 500
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H": constraining the width of H

“ [CMS-PAS-HIG-14-002]

01 Two channels exploited:

0 ZZ—4L
m 2D: m42 + MELA(gg vs. qq)

CMS preliminary Ys=8TeV,L=19.7fb*

8 _IIII||||||||||||II||I|I||II||||||||I||||l|||||l||_
o' 16:— ¢ Data —:
B - gg+VWV > ZZ (I =25T_ ,u =1) ]
g 14 gg+VV — ZZ (SM) .
B qq > ZZ Z

LI>J 12:_ -Z+X_) m,, > 330 GeV -
10F -

- * ]

8- .

6 -

4 =

2r =

00 0.102030405060.70.809 1

Dgg
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=1 == H': constraining the width of H

m [CMS-PAS-HIG-14-002]

CMS preliminary, Vs=8.0 TeV, [L=19.7 fb™

o1 Two channels exploited: N
O ZZ—40
m 2D: m42 + MELA(gg vs. qq) 1
0 ZZ—202v

m MET shape in 2j-VBF,
10” 100 150 200 250 300 350 400 450 500

[ m; sha pe in 0 ief, and >1 Missing transverse energy [GeV]
|et 10

10-1 L
100 150 200 250 300 350 400 450 500
Missing transverse energy [GeV]
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= = H': constraining the width of H

[CMS-PAS-HIG-14-002]

01 Two channels exploited:

OZ7—40
m 2D: m40 + MELA(gg vs. qa)

nZZ—202v

CMS preliminary, s=8.0 TeV, [L=19.7 fb™
LILELELE LA B B B B LI B
ee, 21 jets |

102 3

LIRS B B B B LR B
ee, =0 jets
® Data
[Jag—zz—212v
Bl wz-3iv
[ Topwww
[[]z+jets
[[]SBl,,(r=10)

L 1SBly(r=10)

Events/bin

L

10" 107"
. . 200 400 600 800 1000120014001600 200 400 600 800 1000120014001600
[ | MET ShCI pe In 2|-VBF, Transverse mass [GeV] Transverse mass [GeV]
H H £ I I I UL I I I I I I I UL IR IS UL I
B m; shape in O jet, and =1 5 L 20 jets | o jots ]
8 102 4 102 .
L ] A E

jet

-1 -1
107200 400 600 800 10001200 14001600 107200 400 600 800 1000120014001600
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H": constraining the width of H
I

Ao}
)
z
|II
]|

. 120MS Preliminary ys=8TeV,L=19.7 fb" ‘
01 Two channels exploited: ol
0 ZZ—44 "ol
= 2D: m42 + MELA(gg vs. qq) - .
sl [ 7 Hezzoan2y
QZZ—-282y T vl
® MET shape in 2j-VBF, o o
® m; shape in O jet, and >1 E e
et 4o
0 Observed limit lower L /i
than expected - f—— ———————————
I I I I I I

OO
-
o
—
(&)}
of
o
N
(&)}
0.)
o

(p=0.02) s 05200 25
obs. (exp) [ B I = R

M/ M (95%CL) <6.6(11.5) <6.4(10.7) < 4.2 (8.5)
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[arXiv:1402.3051] [CMS-PAS-HIG-13-006]

s w > R e B . CMS Preliminary H—2Zy i
[ e z b n (s=7TeV,L=5.0fb
o E s
Mo , Mo & 600F ATLAS = 1600F ls=8TeV,L=19.6 fb"
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& L= 450" 327 TV | —— Observed ] _Z CMS Preliminary — opeereed
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U at 125 GeV (95% CL) <11 (9) <9(12)
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@ From deviations to EFTs

CMS Preliminary r 7TeV,L<51f" \F 8TeV,Ls19.6fb"

I 20—

0 Today we talk about deviations from P

the SMH. O

arXiv:1209.0040 or equivalent. 0-0;-“0“ -

Draw/exclude your own theory. = ffﬁ ¢

-1.51 .

s

1 One (single) nice feature: K =1 ey SM

recovers best SMH calculations. i et B
But that’s it: we can find deviations, but

only roughly fathom their meaning.
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& And deviations are on a diet
[arXiv:1306.6352]

2
] SUSY (1'Cln B :5): Ghbb _ Ghrr ~ 1 +(1 TeV)
Ghgnbb GhgmrT ma

2
1 Composite Higgs: Gnfs o Gy 1@1%\’)

Ghsmtf  GhemVV f

2 2
0 Top partners: 22 ~ 1@(1T€V) , mgu@(”‘w)
Ihsmag mr Jhsmyy mr
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&) Effective field theory (EFT): the idea

0 Instead of an experimentally-driven
basis of parameters use a basis of
QFT operators that may be more
aligned with the BSM physics.

0 EFT allows to perform accurate
calculations

o NLO EWK effects, etc.
O More sensitive interpretation.

0 59 dim-6 operators already mapped
out in 1986.

o1 Which operators to keep?
o What about dim-8?
o What about loop processes?
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EFT: a possible basis?

[http://cern.ch/go/IgT8]

: 19= 8+3+8 Sy .
0 Multiple sectors :l/ N e i:fgzcr?igs}.rzd

: 6 in e rar ruture
affected: change Higes ol Gahh

O Electroweak vven
precision data. vy zwfjiiffﬁ(;if@w ko
O Anomalous GGoh « e h-Zy
Osw = & geaWerWE Ween

triple gauge h=ff <

Oyu S yu|H|2QLI§uR \

Oye = ye|H|2ELH6R

Oy, = Ya| H?QLHdR

couplings.
B Higgs enly.
0 Global fit should

be possible.
CP-even: 8 (precision test) + 3 (TGC) + 8 (Higgs physics)
CP-odd: + 2 (TGC) + 3 (Higgs physics)

OF = (oL (Luo*le)
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Delayed unitarization: until when?

1 Assume that WW
scattering is O *1/2
that of SM.

01 Things can look like

the SM for a long @l
time. s g5
H é 102 0.5
o Time ~ Energy. 3
§ 0.75
5
10" 0.9
100 ' ' ' '
200 400 600 1000 2000 3000 5000
Vsyw (GeV)
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7 LHC13: last chance before a ““BSM desert”’.

o Tevatron: Run | = top discovery, Run Il = SM
precision.

o LHC 2010: early SUSY and EXO exclusions.

0 Higgs, one way out of the “SM oasis™:
0 From O(10%) to differential.
O From “seen” to O(%) measurements.
0 From limits on rare things to observations.
O

From conjectures on weird things, to putting limits
on them.

O From ad-hoc K fits to global EWK EFT fits.

7 We have a long way to go.
All it takes is one deviation.
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& The beeautiful bering 2014 Universe

[arXiv:1303.5062]

0 Up above: “Simple six-
parameter /\ CDM”.

10* — . :
{  Planck
fa"* i WMAPY
£ x I ACT
'
7 lf.t%,*gﬁ SPT
— 10° Lﬁ‘
in e
= T,
S N,
s
10% | foug
.
S%
q\I
Ny
2 100 500 1000 1500 2000 2500 3000
!

0 Down below: (Not-as-simple)
~20-parameter Standard Model
of Particle Physics.

ATLAS Preliminary

Total uncertainty

fs=7TeV,L<51f" \s=8TeV,L<19.6fb"

=125.5 GeV .
M © 1o +20 CMS Preliminary % 68% CL
Model:x,, x, B : T
Py, =10% +0.08 : : \|/” : H ==95% CL
Ky=1.1517 g i 1q] KV '
= : 1 i o
: \ AT '
KF=0.99§::; i i 19 Kf H
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Py, =10% 40,14 : I/ 4 SM.
My =0-860 1, | i 9 H
[ - /o sz -.— p.,, = 0.41
Pg=19% 40.14 : M
Myz=0-947 5 I i A H
g Mg K \ N/ \ e e —— s
oo € Ty = du ' P, =0.39
[1.24,-0.81]U[0.78,1.15] i i 1 N : =
Modelih, oy Ky W, : ——
pw=15}/f M o€ \// : \ / Iq ' Pg,, = 0-49
[-1.48,-0.99]U[0.99,1.50] I ! V
e, ; : t 7 -
r:;'%‘ 40,15 : \ / “ Kg '
Kg=1.0879 12 j i 19 ;
k=119 ; : “ ' Pgy = 0-23
Model:x; x;. B,, \\J ‘8R4 24 BR 0.41
Py, ~18% _ +0.29 : / D" ¢ BSM! P.,, = 0.
BR,,=01605 i @95ect | 1 | P B BRI R b
2 1 0 12 o 05 1 15 2 25

Vs=7TeV [Ldt = 4.6-4.81b"
Vs=8TeV [Ldt=203 b

Parameter value

parameter value

Looking forward to LHC combination and surprises at

higher energy: PeV neutrinos, LHC 13 TeV, ...
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For discussion
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Higgs in CMS — ca. 2008

Higgs boson — the field’s massive radial excitation, tacit to Brout and Englert, massless
via approximations in Guralnik et al., and explicitly mentioned by Higgs (1964).
Viability — photons and massive weak bosons can coexist was shown by Kibble (1967).
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& How SM Higgses are born

[http://cern.ch/go/cWH8] [http://cern.ch/go/Sn)8]

1 Gluon t
fusion t t ---H
NI
q > >
%
o VBF —
q > >
q H
q W.Z
q t
q {

o(pp — H+X) [pb]
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& From the other side of the pond
m

||||||||||||||||||||||||||||||||||||||||

— — o ]
> | 1+2b-Tagged Jets' < CIUR, 250 ]
(5 600+ o 15 === LLR, ]
o - —+- Data - Bkgd o) LR ]
& —JUE: = --- LR, .
Z B Y74 — LLR —
~ 400 I X obs -
%) - mm Higgs Signal = i
= B m,=125 eV/c? ?DI == LLR expected for]
2 - e O m, =125 GeV/c®]
L 200 _— — ]
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: et z
: H» +7 SE e :
-200?' ....... Ll 10 e L \ A T

-1Q ]
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1 Combination of Tevatron VH—bb searches, in July 201 2:

0 2.8 0 local significance at m;=125 GeV.
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&) Looking up to a new boson
T e

| Events /1.5 GeV

S/(S+B) Weighted

ATLAS 2011-12 V5=7-8TeV

, J" i 3 e

: . ‘ G*
oA AR
Al L ' - :
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g Higgsdependence day recap
-

[http://cern.ch/go/q8ix]

. ° 1(:Ms Vs=7TeV,L=5.1fb" {s=8TeV,L=53fb" P B s A I I I R B
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signal to background
May 12, 2013

The top 40 physics hits of 2012

The Higgs boson is a popular subject among the most-cited physics papers of
2012, but a particle simulation manual takes the top spot.

[http:/ /goo.gl/sulzZ] [http://goo.g

2012 reports for eprints

1. 568 citations in 2012
Observation of a new particle in the search for the Standard Model Higgs boson with the
ATLAS detector at the LHC
ATLAS Collaboration (Georges Aad (Freiburg U.) et al.). Jul 2012. 24 pp.
Published in Phys.Lett. B716 (2012) 1-29
CERN-PH-EP-2012-218
DOI: 10.1016/j.physletb.2012.08.020
e-Print: arXiv:1207.7214 [hep-ex] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service; Link to all figures including auxiliary figures

2. 558 citations in 2012

Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC
CMS Collaboration (Serguei Chatrchyan (Yerevan Phys. Inst.) et al.). Jul 2012.
Published in Phys.Lett. B716 (2012) 30-61
CMS-HIG-12-028, CERN-PH-EP-2012-220
DOI: 10.1016/j.physletb.2012.08.021
e-Print: a 07.7235 [hep-ex] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
CERN Document Server ; ADS Abstract Service; Link to PRESSRELEASE

3. 433 citations in 2012

Combined results of searches for the standard model Higgs boson in $pp$ collisions at

$\sqrt{s}=7$ TeV

CMS Collaboration (Serguei Chatrchyan (Yerevan Phys. Inst.) et al.). Feb 2012.

Published in Phys.Lett. B710 (2012) 26-48

CMS-HIG-11-032, CERN-PH-EP-2012-023

DOI: 10.1016/j.physletb.2012.02.064

e-Print: arXiv:1202.1488 [hep-ex] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
CERN Document Server ; ADS Abstract Service

4. 381 citations in 2012
Combined search for the Standard Model Higgs boson using up to 4.9 fb$*{-1}$ of $pp$
collision data at $\sqrt{s}=7$ TeV with the ATLAS detector at the LHC
ATLAS Collaboration (Georges Aad (Freiburg U.) et al.). Feb 2012. 8 pp.

Published in Phys.Lett. B710 (2012) 49-66
CERN-PH-EP-2012-019
DOI: 10.1016/j.physletb.2012.02.044
e-Print: arXiv:1202.1408 [hep-ex] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
CERN Document Server ; ADS Abstract Service; Link to all figures including auxilia

figures
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Breakthrough of the Year, 2012

Every year, crowning one scientific achievement as Breakthrough of the Year is no
easy task, and 2012 was no exception. The year saw leaps and bounds in physics,
along with significant advances in genetics, engineering, and many other areas. In
keeping with tradition, Science’s editors and staff have selected a winner and nine
runners-up, as well as highlighting the year’s top news stories and areas to watch
in 2013.

FREE ACCESS

The Discovery of t ggs

Exotic particles made headlines again and again in
2012, making it no surprise that the breakthrough of
the year is a big physics finding: confirmation of the
existence of the Higgs boson. Hypothesized more
than 40 years ago, the elusive particle completes the
standard model of physics, and is arguably the key to
the explanation of how other fundamental particles
obtain mass. The only mystery that remains is
whether its discovery marks a new dawn for particle
physics or the final stretch of a field that has run its
course.

Read more about the Higgs boson he research teams at CERN.

Runners-Up

This year's runners-up for Breakthrough of the Year underscore feats in
engineering, genetics, and other fields that promise to change the course of
science.

Eggs from Stem Cells

Controlling Bionics Majorana Fermions
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Timeline of the results
S

2012 2013

* |ICHEP * Moriond

* 50 per LHC * Some full LHC dataset
experiment. updates.

* HCP * More properties
* First properties. measurements.

* LHCP

* More full dataset
analyses.
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&) Looking well ahead

I e
1 300/fb at 14 TeV: R —

Expected uncertainties on 1010 at 15=7and 8 Tev —
Higgs boson signal strength p 300fb"at f5 =14 Tev i
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H—Zzz | #— Vs=14TeV: [Ldt=300 o' ; [Ldt=3000 fb"
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- More on mass
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& Measuring the mass

2 ' ATLAS Preliminary — Combined
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0 Combinations of the high-resolution channels.
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&) More on ATLAS mass

= r ATLAS Preliminary
N 10— Vs =7 TeV:[Ldt = 4.6-4.8 fo!
B Vs =8 TeV: [Ldt =207 fb
”””””” S amaseameay ) ]
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E @ -2Ir
Moottt |20
i my, (GeV]
0 Slight difference in ATLAS results: L
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N 1o
0 2.40 (p=1.5%) -
| L1 I L1 111
. . 0
0 Using more conservative ener scale -1 0 1 2 3
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uncertainties: 1.80 (p=8%).
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= More on mass
S
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< ATLAS Preliminary H—zz" >4
N 125 \s—7TeV: [Ldt=46fo" 4
< \s=8TeV: |Ldt=20.7 fb" .

10 12085 g (oye) GeV - CMS Preliminary {s-7TeV,L<5.1fb" Vs =8TeV,L <19.6fb"

' — 4emH—1262+12(stat)+°8(sys)GeV : ._.I 10_I||IIIIII|I‘III.IIIIIIIIIIIIlIlIlIlIlllI]"lII!IIII:

8 — 2e2u m =125, 0*01:(stat) +05(sys) GeV — E g: H — 'Y'Y + H — ZZ — with sys‘[_ _:

\— 2u2e m =122, 6+4119(stat) 0 5(sys) GeV',/' ] < - llzz, MW(QQH,'“H), 1O syst E

/ o 8F  w (VBRVH) — -

1 [ ' ' N

7 '. ; e

61 '-. :' E

51 : :' E

0 [ S| 1 | : ] = [ | 4—_ “‘ "' —

122 123 124 125 126 127 128 35 \ ! .

m,, [GeV] g \ ;

2:'_ \‘ ,l _:

1 ]

L N I | | 1111111 1 | | 111 1111 111111l
‘P23 124 125 126 127 128
my (GeV)
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&) One measurement, three masses?

. s
II‘II|I‘JII

o 805 T T Y B e
2 8 ' 68% and 95% CL fit contours i | mfin Tevatron average +
G I =~ w/o M,, and m, measurements
= reen reCTq ng e¢ E; 80.45 68% and 95% CL fit contours

w/o M,,, m and M, measurements

M,, world average * 1c

1 There are correlations | .

O My, |ep’rons, MET. 80.35
O m: MET, b-tag, leptons.  «-

ol b b N

R @Q',a"’ é‘é’,
. o %> o S|
o0 mg: leptons, photons. I A A
1 1 1 1 1 1 1 1 ’1’ 1 1 1 F" I 1 E 1 1 I 1 1 1 1 I 1 1 1
u Theory. 140 150 160 170 180 190 200

m, [GeV]

o But what do the my
mean?

a.david@cern.ch  LHC Physics 2014



"oz

a.david@cern.ch  LHC Physics 2014



= CMS: 27 combination

I I ———

CMS preliminary ys=7TeV,L=511fb" ys=8TeV,L=19.6fb"
Dcombinq-l-ion _IIII|IIII|IIII|II

= 0" 7

H—ZZ, WW:  § | i

o p(obs. O+) — i; | :_ (CL™* =06%)
-0.340 g |
Op(obs. |27 (gg)) & "°°C

= 2840 I

o CL. =0.6% -

%
%

e

5
S

R
. R

o .-.-#.-.-.- S

S .,zz,_“v.;::

.—::.— 3:3:
S

i
S

2

S
R

a.david@cern.ch  LHC Physics 2014



- Miscellaneous
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&) Statistics interlude
e I T R

Test statistic Profiled? | Test statistic sampling
LEP gy = —2In (data“‘ no Bayesian-frequentist hybrid
_ L(datal|p,0,.) . . .
Tevatron | ¢, = —2Ing= yes Bayesian-frequentist hybrid

0,60)

LHC qu = frequentist

o LEP: nuisances parameters ( 8 ) kept at nominal values (~).

o Tevatron: maximise likelihood against nuisances (1).
o Denominator considers background-only hypothesis (4 =0).

0 LHC: frequentist profiled likelihood.
2 Denominator considers global best-fit likelihood with
o Nice asymptotic properties, savings in computational power.
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n More on theory
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& MSSM (R.Contino)

m [http://cern.ch/go/W96V]
= Shifts to tree-level couplings due to mixing with heavier Higgs

cy =sin(f—a) c= cos e cp = — sin o h®\  [cosa —sina) (ReH;,
v ‘ sin 5 b CcOS ,3 H°|] \sina cosa Re Hg
T \ / .

if ¢t > 1then cp <1 tanﬁ:a
cy always reduced and viceversa

Yukawa Couplings: General Type—II 2HDM

30F° :
"Up—Suppressed" : : Shaded:
| —— General
Only two regions in the (¢t ¢) plane 251 ~ | A - $§>;5 .
s M EETEE >
accessible in a generic Type-Il 2HDM : : :
201 W | Foreei B R RRE y
15t ) N NS S N—
Down-Suppressed region almost not o N
accessible in the MSSM for tan 3 > 1 LN
: H \
05w e H \\‘ "Down—Suppressed" 8
\
1
. . 1
00F, i : Y i . &
see: Azatov, Chang, Craig, Galloway PRD 86 (2012) 075033 00 05 10 L5 20 25 30

Ct
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& MSSM (R.Contino)

m [http://cern.ch/go/W96V]

CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L<19.6fb"

LANLBNLENLNL B U L | rrrrrr oot T

Ku 1.4F Ay . the current fit by CMS seems to favor the
1~ MSSM region, though errors are large
1'2__ Down- £ N
[ Suppressed . g ] .
1.0 77 It would be nice to see the same plot by
L i " Up-Suppressed | . .
osl - ] ATLAS and even nicer to see plot in the
I . \ i plane (Ky, Kd)
0-6:_ ------------- —:
0.4 : , :
0.2 5 % SSUUUR WRNNS OO SRS SR (s S
L ] . Up-Suppressed ' 5 :
oo_l PRI A T T S S T M S S S S T S A |— [TprH]
0 1 2 3 D
)\du - Kld/K/u 10
Cb
68,95,99% CL : :
. . . e .3 — [ HC : :
For the impatient ones here is a theorist’s 05t - o/ Tevaron| M. ) ]g;gs—ed .......
combination of ATLAS+CMS+Tevatron: Best Fits (LHO) [Typell |
@ Global 3 E
* TypeIl
from: Azatov, Galloway Int. J. Mod. Phys. A28 (2013) 1330004 00} ; ; : : ; ; ;
0.0 0.2 04 0.6 0.8 1.0 12 14
) s
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& MSSM (R.Contino)

[http://cern.ch/go/W96V]
w Shifts to loop-induced couplings due to squarks

CMS Preliminary {s=7TeV,L<5.1fb" {s=8TeV,L<19.61b"

o 2.0 rEY e TTeV =51 Yo B TeN Le 100t
o L L L B o o * C Ky, K -1/3 ]
< ,F ATLAS Prelminary ~ +sm - 1.8 LA :
Eis=7TeV,JLdt=46-481f" x Bestfit E 16k E
2 (s =8TeV, |Ldt = 13-20.7 fo" — 68% CL - -
1.8 ---- 95% CL = 1.4F R
1.6;— —; 1.2 e P2 _
1.4F - :_ ............ T _
- 3 1'0:'"' // N ]
1.2p E 0.8F \\ +.p \\ E
1~ ] ZTEN ~ 3 1
- e T \\\._. 4// H ]
0.8 E 06 el T AV :
0.6 = 0.4F .
080 T i T2 13 14 75 76 17 is 0.2F E
K 0.0 S S NR— SE— .
! 0.0 0.5 1.0 1.5 2.0
Y
Small mixing: ) I'(g9 — h) enhanced Large mixing: ) I'(99 — h) suppressed
I'(h — vy) suppressed I'(h = vy) enhanced
P1: mg = 100GeV, mz, = 300GeV, 6; =0 P3: mj; =400GeV, mz, = 1000GeV, 0; = 7/4
P2: mg = 200GeV, mg, = 500GeV, 6; =0 P4: m; = 500GeV, m;, = 1500 GeV, 0; = w/4
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& MSSM (R.Contino)

m [http://cern.ch/go/W96V]

" Implications on the masses of the heavier Higgses

a— f—m/2

In the decoupling limit:

ey =1 @ +0(A%)
f

starts at O(mp*)

cp most sensitive probe of
spectrum of Heavy Higgses

Notice:

masses of Heavy Higgses are not
linked to naturalness of m, anyway

Ctzl—At

1

T + 0(A?)

Cb=1—|—A-|-O(A2)

gy

>0.1 =) mpg > 300—400GeV

Co

Lighter masses (up to my ~200 GeV) however
simple to obtain in explicit models (ex: NMSSM)
with mild tuning of A

see for example: Barbieri et al. arXiv:1304.3670
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5] The case for the SMH (R.Contino)

m [http://cern.ch/go/W96V]

CMS preliminary Vs=7TeV,L=5.115" \s=8TeV,L=19.6 1t

.._,>' _lllllIIlI|I|I||Il|---T--|IW|TIfT!l|
If one assumes that 5 oal o
s 200
. N — CMS data
1. The new boson is part of an SU(2). doublet Z sl (CL™ = 0.6%)
§ i oy
2. There is a gap between the NP scale and my o - A
o 0.06r CMS preliminary Vs=7TeV,L=5.116" (s=8TeV, L=19.6 16"

0.04] .

yeriments
©

_|ﬁ_r_[_1'

? ]

then it must follow: [ IS data
20 CMS Preliminary {s=7TeV,L=5.11b" \s=8TeV,L=19.61b"
N . TT T T T T T TT

B e T
. Myz Kz, k=1 ]
e :

= his (mostly) CP=+ V' 7 |

. . All these independent tests 1
= There exists a correlation among ‘ 5

processes with 0,1,2 Higgs bosons |mportc|.n'r to confirm the picture
but their success comes less of a

“ hhasspin0 Vv

L.
20 30

Ex: custodial symmetry v surprise given the fits on couplings |1, /L)
mw Cw

— W 1 Mz =X —1

mz cos Oy - cz Ex: There’s no reason why a JP=0- boson

should have SM coupling strength

“ There are no new light states to
which the Higgs boson can decay

2 CWw -
D HI*  vs > W WHHTH
Ex: Invisible width=0 v~
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n As a function of masses
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& Resolving SM contributions

CMS Prellmmary {s=7TeV.L<5.1fb" ys=8TeV, L< 19 6fb

0 Individual coupling o - —TTT T T T T T
ling factors: — - T
Sccldf:cng f?c O/:cs KoK, & [|TO8%CL t ]
wr Fezr oy oy b o o p
o All loops resolved: 2 1 [=9%% CL 7 o
"KLKy K o | VY" .
" K (K, K,) R ) :
o SMH width scaled. 1

: "',‘ CMS Prel y .
o P(SM)=0.52. i b W I
0 “Reduced” couplings as -1 —— §
function of “mass”: 102F |.- N -
o A= K. (m;/vev) E' T N
o (g /2vev)‘/2 K2 - o"'6'5”'1'”i5'"'2't"§5“[”3 .

mv/vev i 1 11 111 II 1 11 1 lp;arlarlneervaue
1 2 345 10 20 100 200
mass (GeV)
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1 Assume custodial
symmetry (K=K =
K ).

11 Loops treated
effectively (K, K ).

0 Option to allow BSM

decays, forcing K, < 1.

& “Cb” vs “resolved C6”
el

Generic coupling fit

1 Keep W and Z
separate.

0 Loops assuming SM
structure:

O K, (K K
O Ky (Kw Ky Ko
K ).
0 Only SM-like decays.
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s=7TeV,L<511" {s=8TeV,L<19.6f"

CMS Preliminary " 68% CL
== 95% CL

__________.___.____-________

0 05 1 156 2 25 3
parameter value

Is=7TeV.L<51fb' ys=8TeV.L<19.6fb"

- 68% CL
= 95% CL

CMS Preliminary

|
2 25 3 35 445 5
parameter value

= CO” vs “resolved C6”

LHC Physics 2014
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n H— Y ¥ evolution
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In’reres’ring H— Y Y comparisons
m

’\ 12 T T T [ T T T T [ T T 11 I U/OSM ~125 GeV
Exp Obs .
q_) O ® CMSMVA o . 25 i ATLAS
'S 133 _ =1 P ]
O O ® CMSCUT 3o -3 2 ¥ CMs
< 10r 2 A ATLAs - o = 2 &
2 [ 1.37 X\L % 33 i < . a1 3
c — 0.82 x\L s £ 1 g - 15 l A
T I T ; 0
»n 8 09 % 03 8 os ] ' z oo .3 g
o : A : | 3
- »8 E s O ¢ g 2
5 Ouw < T © w <
B 35+ s B [} z oz
6  Zit 25 AT - B 08
=8 i < 1.5 l nd 1
~ oou =4 7 I © 9
B IIZ g | Q=
229 HE
L 5;39 AT Sal8
41— ==F e CHE
CLE -~ &
B - o 1.01 g< |
i A o5 CUTF® moriond 2013 >
R y iEE
2__ ! ICHEP 2012 ]
Moriond 2012 : 0.5} 1 )
0 | | L1 1 1 | | | I | | I I | | | MoriOd 2012 ICHEP 2012 Moriond 2013
0 5 10 15 20 25 _130 5 10 15 20 25
L (fb) luminosity [fb™!]

0 VI Workshop Italiano sulla Fisica p-p a LHC
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Interesting H— Y ¥ comparisons
I N

Higgs mass
¢ ATLAS
§ CMS
130f
g g 3 g
_ 128} E 5 ; ; §
> i Q 3 3 - 9
() a T % S 5
O 223 0 2 3 5 &
= SE 8 =g g -
0 N &< 8
0 QS ~ @ I
© % = LED g
€126 g' 2 2
gy 2 ;
— 0O [}
g m -]
T
5
1241 [
Moriod 2012 ICHEP 2012 Moriond 2013
122 | 1 1 1 1
5 10 15 20 25 30

luminosity [fb']

0 VI Workshop Italiano sulla Fisica p-p a LHC
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n More on scalar couplings
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= QOversimplified big picture
P g p
T

T — Tevatron; A — ATLAS; C — CMS; combination drivers in red.

H—cc

H—HH

o
|
o
(o

H—TT H—WW H—ZZ H—7YY H—ZY H—inv. H— U U

)
2
F
x

)

=
(")
(2]
o
o

E
1

:::
()]
(1]

'm

x

TIA|C T|A|C T|A|C T|A|C T|A[C T|A|C T|A|C T|A[C T|A|C

ggH * % k| % ok k| 5% ok ok % ok k| - K % - % | -
VBF %[ K K Kk *x * * X * | - * *| - *| -
VH R R {1 | K K X * * x| - * k| -

m * x| X * * x| -

0 Still much to explore on the rarer ends.
(to the right and to the bottom)
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CMS: channel compatibility
N

Vs=7TeV,L<51fb"' \s=8TeV,L<19.6 fb"

Combined .
u=080+0.14| CMS Preliminary m,=125.7 GeV

H— bb (VH tag) | p,,=0.94

H — bb (ttH tag)

H — vy (untagged)
H— vy (VBF tag)

\s=7TeV,L<51fb"' \s=8TeV,L<19.6fb"

H— vy (VHtag) Combined CMS Preliminary m,, = 125.7 GeV
H — WW (0/1 jet) u=0.80+0.14 pSM =0.65
H— WW (VBF tag)
H — bb
H— WW (VH tag) n=1.15+062
H— tt (0/1 jet)
H — 7t (VBF tag) H- 1t r 1 1
=1.10£0. - A Vs :
H —s 1t (VH tag) u=1.10+0.41 Vs=7TeV,L<51fb"' \s=8TeV,L<19.6b
H— ZZ (0/1 jet) H o vy Combined CMS Preliminary m, = 125.7 GeV
. u=080+0.14| Pg, =052
H— ZZ (2 jets) | w=077+0.27
v Best fit /o
est 1it o/c H—> WW Untagged
SM gge
n=068+020 W=0.78+0.16
H-ZZ
1n=0.92+028 VBF tagged
PR Low v b n buw s n=1.02+0.34
0 0.5 1.5 2 25
Best fit o/o,,
VH tagged
n=1.02+0.49
ttH tagged
n=-0.15+2.86
PR ST NN SR SRR SRS RS N S S

-4 2 2 4
Best fit O'/O'SM
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Scalar coupling structure

Ga uge sector

Mixed
sector

\,

Down type
Loops (Y, g) are

sensitive to BSM
contributions.

Quark loop
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Interim scalar coupling deviations

framework

Production modes Detectable decay modes Currently undetectable decay modes
2 _
OggH { Kg(‘(ba Kt, mH) PWW(') . K2 Ptt _ K2
SM_ SM = *w SM T Tt
o K T
ggH g Fww(-) Ptt
OVBF 2
— = K Kw, Kz, m | - r .
5™ vBE(KW, Kz, M) 22) 2 —EE see Section 3.1.2
VBF PSM Z I‘SM
OWH _ 9 zz*) o8
OSM = Kw T.- Fcé 2
WH bb 9 SM = K
O7H B 9 PSM = Kp cc
W R KZ bb P —
OzH . —— = K
. Tt 2 I‘SM o b
ttH o s K ss
ol = g 'SM
SM t vt r '
o “u
ttH 5 R Kg
Fyy . { KE(Kb’KtaKnKWamH) I‘SIXI "
SM e
Iy 5
2 Total width
PZY . ngY) (Kb) Kt Ky KW,y mH) 2
'SM - K 'y Ki (Kz' , mH)
Zy (Zy) SM = 2
PH Kg

1 Narrow-width approximation: (O XBR) =0 - [ /[
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Interim scalar coupling deviations

c{RW

2 framework
RN

Production modes Detectable decay modes Currently undetectable decay modes
2 —
OggH — Kg (Kh: Kt, mH) wa[') - 2 Ptt B 2
o K M T Kw M = K
ggH & Wwis) it
OVBE 2
v = K Kw, Kz, m r (=) I .
SM VBF( Wy RZ, H) 77 - 2 gg
" IVBF s SM see Section 3.1.2
OWH &2 zZ!*) — ke N
SM - W B -
TWH Do _
OZH 2 M T b
sM . Kz bb
OzH T
Ot Tt 2
CuH o K2 s = Ke
g SM t L
ttH 5
Ly { KE(Kb:Kta Ky KW 5 T2 )
SM
b Ky
PZY _ ng'f) (Kbs Kt Ky KW, mH) Total width 5
I B K?20) I'm ) xg(ki,mu)
= 2
N _/ I'sM K2

0 Contributions resolved at NLO QCD and LO EWK.
0 Peg the as-of-yet unmeasured to “closest of kin”.
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@ Probing custodial symmetry
S e

Probing custodial symmetry assuming no invisible or undetectable widths

[Free parameters: kz, Awz(= kw /xz), k(= ke =k, = K:).]

H— vy ‘ H— Z2zZ™ H—- WWH H—-bb | Horth
ggH k2 (xe,xp,Ke Kz Az ) xZxZ x2-(xzhwz)? xFx?
ttH x; (xi) %2 (i) 2 (%i) T AC))
VBF Kypr(%z%zhwz ) (% ,%6,Ks Kz Awz) %y pr (Xz,%zAwz ) X7 k2 (X2 Kz hwz)- (xzhwz)? svpr(%z,XzAwz) xf
Kf{ (xi) "%{ (xi) KE{ (xi) K,%] (x:)
WH (xzsz)z-xggm XKf,51 Kz Awz ) (xzhwz)* x5 (Kzlwz):'(\(zlwz)z (kzhwz )2 X2
xig (xi) xip (xi) wig (i) Kz (%i)
ZH X% Xy (K¢ Kr X5 XzAwz) Xy Xy xz-(xzhwz)? KK
x%{ (xi) KQH (xi) KH! (i) K§H (i)
Probing custodial symmetry without assumptions on the total width
| [Free parameters: kzz(= xz - kz/xu), Awz (= xw /xz), Arz(= xr /xz). _
H— vy 1 22% H—-> WWH Hobb | Hotth
H
gt%H X5zMpz - %5 (Apz, Mrz, Pz, Mwz) X570z %Gz - Myz Koz hiz Moy
VBF | x5, %0pr(L Myz) - 5 (Arz, Az, Mz Awz) | x55%0p(1 Myz) | %22%0mr(1 Myz) - Myz | X22%0sr (1 Myz) - Mg
WH K7z Mvz - & (M2, Apz, AFz, Awz) K7 Myz K7z Mz - Myz KzzMvz Mg
ZH 77 - & (Arz, Apz, Apz, Awz) K77 77 - Myz K57 " Mg
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. Probing custodial symmetry

[arXiv:1303.6346] [ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005]

CMS Preliminary s =7TeV,L<5.1fb"' s=8TeV,L<19.6fb"
1 5.0 T T e

£ 4_55_ }"WZ’ Kz Kf: — Observed _;

< - ' --Exp. for SMH |

- AE T T .] .| L R I R B Al 401— ! . E
G [ ----- Best Fit Tevatron RunIl,L_<10fb | & 1o~ ATLAS Preliminary ) Duzhezizl - ' 4 o) - . E
e r int 2 f (s=7TeV, [Ldt=464810 ] 3.51 : ; E
8 1.5 - 68% C.L. £ " s P — Observed B . : E
. L [ l95%C.L. K; floating o gl s=8TeV, [Ldt=2031 - sMewcees 3.0 ' =
= L - Combined H— vy,ZZ* WW* t1,bb expecte . - ' : g
5 I — SM=n/4 Co ] 2.5 : / E
K] B — - H h E
o i . 2.0F ' H =
o i N R s ' / ]
5 | s -. : :
g 05 , ] - E
2 [ ,_ 1 1.0f —— -
O B - . ] 5 \ ! E
U . S I s S S 1 osf Y =
0 : EE—— g L] 0. oE N |

0 0-5 m oA . . . 416 0.5 1 15 2

Mz Mz

Tevatron ATLAS
[Kw Kz K [szrler"‘zz] [AWZ'KZ'KF]
Az 1.24+234 0.94+014 . 0.86 +0.13
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&) Weak bosons and fermions

[ATLAS-CONF-2014-009] [CMS-PAS-HIG-13-005]

CMS Preliminary V\s=7TeV,L<5.1fb" E=8TeV L<19.61b"

(I - | I T I L L I T I T I T I LI L L I LI g- -
* w:H—bb | ¢ SMHi F hobi Bkg. onl
4 ATLAS Preliminary If"lil:ll - E’“b ﬂ - IVIV 0 Iggs '0 ermiophobic [ Bkg. only

Vs=7 TeV [Ldt = 4.6-4.8 fbo"! ‘Iél —=yy @ Comblned

3 \s=8TeV [Ldt=203 b + SM X Best Fit
E_H —TT E 1T
o
1

06 07 08 09 1 1j'12'13 14 15 16 .
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Looking for new particles

m [arXiv:1209.0040]

1.2

Probing loop structure @assuming no invisible|or undetectable widths
Free parameters: xg, X, .

H — yy H—2Z% |H->WW® |H—-bb | H—ottt
Kg Ky Xz
ggH K (ki) K7 (ki)
ttH
VBF K2 1
WH Kit (Ki) LT (ki)
ZH

Probing loop structure allowing for invisible or undetectable widths
Free parameters: xg, ,, BRinv. undet.-

H — yy H—-ZZ% |[H->WW® |[H-bb | H—otth
ggH K'!21 (Ki)/(l—BRinv.,undet.) K'Izl (Ki)/(l—BRinv.,undet.)
ttH
VBF K7 ' 1
WH K']zl (Ki)/(l_BRinv.,undet.) xlzl (Ki)/(l_BRinv.,undet.)
ZH

2 SM
k=T /T5
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5] Looking for new particles in loops

[ATLAS-CONF-2014-009] [CMS-PAS-HIG-13-005]

CMS Preliminary {s=7TeV,L<5.1fb' \s=8TeV,L<19.6fb"

2.0 L L L L
& K, Kq | | ;
MU) LI | L I L | L I UL I L L I LI I LI L I_ 1 .8 :_ _:
2.4 ATLAS Preliminary + SM E 166 E
02F (s=7TeV, [Ldt=4.6-4.8 0" « Best fit = ' .
of 1s=8TeV, [Ldt=203 1" —68%CL ] 1.4 g
; gF Combined H-—> vy,ZZ* WW" 1,0 - 95%CL E 1.2F e -
©F ] S = :
— - e / \ .'.. ]
1.6 - : 1.0 / < :
145 ,," ~~~~ ~<_ = 0.8;" ...... N \ s B
1.2 N\, .o = 0.6 e ~N—~__ ]
- N S ] L e ]
e LT ™ E 0.4 -
0.8 I = - .
- 3 0.2 -
0.6:I 11 I ) | I ) | I | | I 1111 I | | | | | I | -l | L1 11 I L1 I? 0 :I Lt I RN I NN | Ll Ll 1:
08 09 1 11 12 13 14 15 16 1.7 18 0.0 05 1.0 15 50
Ky KY

ATLAS _ams

1.19 %9155 19 0.97 £0.18
K 1.08 £0.14 0.83 £0.11
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A further take on loops

m [CMS-PAS-HIG-13-005]

CMS Preliminary s =7 TeV, L<51fb \s=8TeV, L<196fb

1 Resolve the H—)'}’ ’}’, M,E,‘ 6KY’KQ=KZ'YI e A RRRREEE Y :
H—ZY, and ggH s. E
|OOpS.

4 .
- /-\\ ]
* / \ B
- / \\ i
o / ]
2: [ \ ]
- [ |‘ i
i l k
t | o1 :
: l | :
OrlllllllljlllllllllﬂllIlIIlIIIllIIIIllII—
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&) Looking for new particles

m [ATLAS-CONF-2014-009] [CMS-PAS-HIG-13-005]

CMS Preliminary {s=7TeV,L<5.1fb' Vs=8TeV,L<19.6fb"

BRBSM

2InA(BR, )

ATLAS _ams

1 LI I LI LI I L LI I L T | L L I T LI I |l L I LI T
10— ATLAS Preliminary [“w“grBR., u] _
- (s=7TeV, f Ldt = 4.6-4.8 fb .
o — QObserved N
- Vs=8TeV, j Ldt = 20.3 fb"! .
| Combined H—> yy,ZZ* WW*ztpb  SM expected i
6: Limiting to physical range BRi e 0 R i
4?‘ """""""""""""""""""""""""""" ;7!"'j""""""""'i‘
2f T E
0_ 1 l--l"l-l-l‘-l‘l‘l‘l—l 1 | I B | | | I N | | | I N | | | I | | L1 1—

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Bl:li’u
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5] Probing the fermion sector

m [arXiv:1209.0040]

2HDM

u-type

d-type

lepton

COS &

COS &

COS &

— Sin o

— Sin &

COS
COS &

Sin

SM-like

Probing(up-type and down-type fermion symmetry|assuming no invisible or undetectable widths

Free parameters: kv (= kz = kw ), Aau(= Ka /%), Ku (= K2 ).

H — yy H—ZZ® |[Ho>WW® [H—-bb | Hotth
H Kg (Ku)‘dn ,Ku)'x;z(xu)"du »Ku 7Ku}"du’KV) Ké (Ku)"duﬂ(u)"‘f/ Kg(xu)‘duy‘(u)‘(xu;\du)z
gg K’fl (ki) K (ki) k(%)
ttH K?;'K?("u)‘-du KuyKuhduKy) fo"‘f/ KE “(Kurau)?
x’fl (ki) x?l (x:) ki (xi)
YRTBI-I; K%.KYg(KuAd'u KuKuhrdy,KV) K%"K%/ K%'('Kukdu )2
7H "121 (x:) x?l (x:) K (xi)

Probing[quark and lepton fermion symmetry)assuming no invisible or undetectable widths

Free parameters: kv (= xz = xw ), Mg (= x1/Kq), kKq(= k: = x1).

H — vy H—ZZ® |H—->WW® | H— bb H—
ggH x2 k7 (Kq,Kq,Kahq,KV) k2« k2-x2 x2-(xqhiq)?
ttH )] K (x:) xip (ki) xi (x:)
\\;?Ig K3 k7 (Kq Kq,Ka g K V) K K {3 K3 -(kahig)?

7H i (i) xip (xi) xiy (x:) xfy (xi)
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& Probing the fermion sector

[CMS-PAS-HIG-13-005]

CMS Preliminary {s=7TeV,L<5.1fb' \s=8TeV,L<19.6fb"

CMSPrellmmary {s=7TeV, L<51fb Vs=8TeV,L<19.6fb"

—1 9.0 AR LRARRR pamRmanan [T ] 1 9.0y T T L ]
< 450 A Koo Ky —Observed |’ E 45l Mgy Kop Ky f—Observed ]
:1] 4.0; --Exp;forSMH 1 :1] 4.0; ---- Exp. for SM H _
T A R
3.0/ - 30 | i E
P AU Y I
1.0f " 1.0f A
0.5F | - 0.5F A\ =
L T e B e
Mgy Mg

CMS

[0.74, 1.95] (95% CL)

[0.57, 2.05] (95% CL)
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& Probing possible 2HDM

m [CMS-PAS-HIG-13-005]

J 2.0r )J uuuuuuuuu LR I - ¥> 2.0r
- K, K § -
1.8 Tawrev = 1.8F
1.6} = 1.6
1.4 E 141
1.2 o = 1.2
S —_ 72N ; -
1.0p o\ )i 1.0f
. { \ HIY¥ . -
0.8f \ /\ N = 0.8f
0.6 o £ 0.6
0.4} = 0.4}
0.2\ N 0.2\
0.0 T B T A S R A v v v v v v v b 07 0'0 [
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u
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/
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®
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oo b b b b b b Lo L
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CMS

[0.74, 1.95] (95% CL)
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@ A way out the spin quandary?
N

0 It’s not easy to kill all

w(cosd | X) =

1143757 Ai(cosd)’

T o
. . 2 1+ X
possible non-spin-0 - |
. 100_ J=§4 _;
alternatives. sob _;
0 gg—H—7 VY holds I S
promise: S EELX 468
: 1 | 2 ‘
0__ """""""""""" —A—""'"""*: """"""" 7
J#0 allowed areas do L _5 - |
not contain J=0 point. : R S R
-200 | | |
But gluons and photons ool
must be real... <5
O
-20 0 20 -50 0 50 100 -200 -100 O
My My Mg
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= Statistics-limited: HH and self-coupling

N,

m [http://cern.ch/go/7smd]

C
\

0 Among main objectives for HL-LHC.

O Tiny cross-section. Estimated yields for
0 Diagrams interfere destructively... 3000/fb

bbWW 30’000

1 Problematic even in efe.

bbTT 9000

1 Experimental projections not WWWW 6’000

finalized. Y ¥bb 320
Yrrry 1
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5] Weird decays: H>QQ+ ¥
I

0 Complementary way to BRey(H — J/7) = (246%92%) x 10°°

get to the bottom. BReu(H — Y(18)7) = (1.41+29%) x 108

-1.14

1 A way to get to charmge

H

...............................................................................................................................................

.L }..{...|..+..|...;.,¢..|...;..1...|..,|,..1...|...|,..|...|...|...|...'..4...|...|....|...

k,
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Weird decays: H—VP

m [http://cern.ch/go/8gXr]

0 Accessible due to small m,,.

V(p:€)

° h - >
01 Relatively clean.
0 Can bear O(1) BSM changes. A
V P mode BM V P* mode BM
W at 0.6 x 107° Wp* 0.8 x 107°
W-K* 0.4 x 107¢ A 0.4 x 107°
7070 0.3 x107° AT 0.4 x 107°
W-Df 2.1 x 107° W-D:t 3.5 x 107°
W-D* 0.7 x 1076 W-D*+ 1.2x10°¢
7%, 1.4 x107° Z°J /4y 1.4 %1075
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Weird form factors: H—ZQ2Q

m [http://cern.ch/go/8gXr]

01 Analogous to the
LHCb analysis of

B—K™* Q4.

1 Can be done in
the 42 channel.

0 Complementary to
spin-CP analyses.

<o LHCh ()
(O]
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T -
N
o
2ot :
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0. | | | ]
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- dI/dE,
08 - 1o i
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L 1 —
04l .
I 0.5 i
0.2 B -
O_Illl\l\llll\l‘ll\l‘l\l O [ | [ I | | I T L1 4l
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E,/m, q* Imy?
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[ATLAS-CONF-2013-081] [CMS-PAS-HIG-13-034]

| Process | SM QS 2HDM-II FC-2HDM MSSM |
t—uy |37-10710 75.107° — — 2-107°
t— uZ 81077 1.1-107% o . 2.1076 ; oS pretminary \rs'm L= 1951
- - - - ATLAS Prelimi Goof E
t— uH 2-10 17 4.1-10 S 55-10 6 —_— 10 5 > Frorrrrr T re Immary, 700E- + 3 CMS Preliminary (s =8TeV L, =1951b"
B 14[Hadronic selection ¢ Data 201142012 ] — Ao zeseross 1 £ s T T T T 3
t—cy | 4.6- 10°% 75.10°° ~10°% ~ 1079 2.10°% © F —— Sig+SM Higgs (126.8 GeV)+Bkg fit] oo + El + — retomuposuuerosscar
_14 4 _7 10 6 - r - SM Higgs+Bkg ] soof- ER —maperoson 3
t—cZ 1-10 1.1-10 ~ 10 ~ 10 2-10 2 125 ..... Bkg (2™ order polynomial) ] b wof- ]
[fScH | 3-105  41-10°5 15-105 __~107 05 2 - DR + 1+ Lt
s Lat= a7 Ns=7Tev] & . ERea E
T level in BSM e I
] lree-level In . . E A
o[ B OSSF pair | Ne,, | B [GeV] | Hy [GeV] | N | data | background | signal | efficiency [10-°]
r — below Z 0 50-100 0-200 >1 48 48+£23 95+23 103+25
C . n/a 0 50-100 0-200 >1 29 26+13 59+13 64414
° e b b by ] PRI TP below Z 0 0-50 0-200 >1 34 2+11 59+12 64413
D SMH noW q chkg round. ?00 110 120 130 140 150 160 n/a 0 0-50 0200 | >1 | 29 | 2B+10 | 43+11 47412
below Z 0 50-100 > 200 >1 10 99+37 30+11 33+12
My [GeV] beows | 0| 300 | oa | o | 12| mmew |oria1| ioeias
n/a 1 0-50 0-200 >1 237 240 £ 113 131+26 143+28
n/a 0 50-100 0-200 0 35 38+15 43+11 47412
D AT LAS H —_— Y Y aboveZ | 0 0-50 0200 | >1 | 17 | 1867 | 2808 31+09
L]
- 10— T T
= [ATLAS Preliminary A
Ol CMS H Y Y & “ 8_JI.Ld =203 Vs =8TeV 1
Fliat= a7 vs=7Tev :
m §] I Ti I e p 1'0 N S 6 [ it systematic uncerainties ]
L] 5
[ oo With - 1 ‘ Higgs Decay Mode [ observed [ expected [ 1vrange |
ar ] H— WW* (B =23.1%) 1.58 % 1.57 % (1.02-2.22) %
— H- 17 (B =6.15%) 701% | 4.99% | (3.53-7.74)%
A 7 H - 72" (B =2.89 %) 531% | 411% | (2.85-6.45)%
C ] combined multileptons (WW*, 71, ZZ*) 1.28% 1.17 % (0.85-1.73) %
0 [H—= 1y (B=0.23%) [ 0.69% | 0.81% [ (0.60-1.17)%
0 02 04 06 08 1 12 14 16 18 2 | combined multileptons + diphotons | 056% | 0.65% | (046-0.94)%
Br(t = cH) (%)

Obs. (exp.)
BR(t—cH) (95% CL)

< 0.83% (0.53%)
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