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INTRODUCTION

19.7 fb™! (8 TeV)
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Error band scaled to get x?/dof =1
CMS Photon Performance: CERN-PH-EP-2015-006

*The final Run 1 results are in general significantly better than those
presented in early 2013

*Legacy papers on couplings and spin CP by CMS were submitted a few
months ago: Phys. Rev. D. 92.012004., Eur. Phys. J. C (2015) 75-212

Final results on Higgs spin CP and couplings from ATLAS recently
submitted: arxiv:1507.04548 (accepted), Eur. Phys. J. C75 (2015) 476
*Preliminary combination of ATLAS/CMS Higgs couplings: ATLAS-
CONF-2015-044; CMS-PAS-HIG-15-002



SM HIGGS PHYSICS PROGRAM

Testing the SM Higgs hypothesis:

Input: precision mass measurement

*Measurements of couplings

*Main production modes
-ggH, WH, ZH, VBF, ttH
*Main decay modes:
vv, WW, ZZ, i, bb

*Rare Decay modes:
‘um, Zy, Jhpy
*Rare production modes:
tH, hh, bbH
*Spin and CP-mixing properties
*Width

*Fiducial and differential measurements




The SM does not predict the Higgs
boson mass: we need to measure it
(the last missing SM parameter!)

Given a mass, we can make
predictions™ for the production cross
section and decay rates

Higgs mass measurements (GeV):

ATLAS:|125.36 +0.37 (stat) +=0.18 (syst)
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LHC combination:
125.09 +0.21 (stat) +0.11 (syst)

m,, [GeV]
Precision measurement: <0.2%
*a lot of progress by theory/MC

community, LHCXSWG. Improvements
continue...



Impact of Higgs Mass Measurement on

Electroweak Fits

M,, [GeV]
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Higgs Production at the LHC

ggF process 8 TeV 13 TeV
ggF gluon-gluon fusion 19 pb 44 pb
— - H VBF  vector-boson fusion 1.6pb  3.7pb
& t, b, etc... _ _
VH associated production 1.1pb  2.2pb
VBF ttH associated production 0.13pb  0.51 pb
tH Associated production ~20fb  ~90fb

W/Z(*)’,,"

SM Production Modes
(M, =125 GeV)




Higgs Production Modes

9gF ggH and VBF well established
. (see ATLAS/CMS combination)

VH will have to wait for run 2 (but a
close relative of VBF...)

ttH: strong evidence (see combination)

q W/Z(*)’,¢"
q g

q



HIGGS DECAYS

SM Decay Modes
(M, = 125.1 GeV)

Process Br

bb 0.58

WW 0.22
TT 0.06
Y4 0.027
VY 0.0023
Zy 0.0016
U 0.0002

‘At m, = 125 GeV, many decay
channels can be studied
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Main Production and Decays

Specific production and decay modes targeted by either
ATLAS or CMS

WW ZZ Yy bb TT

ggH X X X X
VBF X X X X X
WH X X X X X
ZH X X X X X

ttH X X X X X

Represents an enormous amount of work



Main Production and Decays

Specific production and decay modes targeted by either

ATLAS or CMS
WW ZZ Yy bb TT
ggH | 04" BR™W | 04q"BR?? | 0gqy"BRY | 0yy"BR® | Gy "BR™
VBF | oyg="BR"YW [ oyge"BR?? | 0oyge"BR™ | 0yge"BR™ | oyge"BR™
WH | 6, BR"™ | 6 BRZ | oyBRY | oy BR® | oy BR™
ZH | 0x'BR"W | 0,"BRZ | 0, BR" | 0,/BR® | oy BR™
ttH oy BRYW Oy BR# Oy BRY Oy BR™® Oy BR™

Signal yields proportional to Op,4 *“BRPec




Main Production and Decays

Using ratios, we can isolate production vs decay

WW

ZZ/\WWW | vw/WW [ bb/WW | t/WW

ggH

*BRWW
Ogqv BR

—

VBF/
ggH

WH/
ggH

ZH/
ggH

ttH/
ggH




Events /2.5 GeV

S0 OBSERVATION IN VY, ZZ

AND WW DECAYS

S/(S+B) weighted events / GeV
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DECAYS TO FERMIONS (TT)

Significance obs. (exp.) in ATLAS/CMS combination: 5.5 (5.0)

CMS: ATLAS:
*«3.2(3.7) O «45(3.4) 0

CMS, 4.9 fb' at 7 TeV, 19.7 fb™' at 8 TeV
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DECAYS TO FERMIONS (bD)

Significance obs. (exp.) in ATLAS/CMS combination: 2.6 (3.7)

CMS(VH+VBF+ttH): Tevatron(VH)**: ATLAS(VH+ttH):
-26(2.7) 0 -22(1.4)c 1.8 (2.8) ¢
"rN)' """"""""""""""""""""" > AN R A L L é T T 1
S B ) 1 | ATLAS -o- Data 012_ |
8 \$= 7TeV,L=501b Q) O \s=8TeV [Ldt=20.3fb" = Dibosor
g \s = 8TeV,L=18.91b [ ] Background o T 0+1+2 lep., 2+3 jets, 2 tags Uncertainty
i pp — VH; H— bb —— VH(bb) 125 GeV o " Weighted by Higgs S/B
Background uncert. S 8 B ]
- i
R -
G 6 .
© - 1
5 - i |
L & A g
R = g I = :
S 0 -
E c - ]
> SN H++L )
o2 2 RN S i %—F
g(a .é Q) L | | | | | 1 | | | | 1 | | | 1 | 1 | 1 1 | | i
= osf E % 50 100 150 200 250
4 35 B3 =25 =2 45 14 05 (3]
log(S/B) = m,, [GeV]

**my estimate from: Phys. Rev. D 88, 052014 (2013)



{tH Associated Production

Test Yukawa coupling of the top quark (large!

~1.0 in the SM)

Production cross section is small (<1% of ggH)

but spectacular final state
Very large top background...

CMS 1s=7TeV,505.1fb" Vs=8TeV, 19.3-19.7 b
Y i
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itH Associated Production

Test Yukawa coupling of the top quark (large!

~1.0 in the SM)

Production cross section is small (<1% of ggH)

but spectacular final state
Very large top background...

CMS 1s=7TeV,505.1fb" Vs=8TeV, 19.3-19.7 b
Y i
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Best fit o/cg,, at m,, = 125.6 GeV

ATLAS/CMS combination:
significance obs (exp): 4.4 (2.0)
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itH Associated Production

Test Yukawa coupling of the top quark (~1.0 in

the SM)

Production cross section is small (<1% of ggH)

but spectacular final state
Very large top background...

CMS 1s=7TeV,505.1fb" Vs=8TeV, 19.3-19.7 b
Y L
bB [~ —a—
ThTh — .
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Same-Sign 2| — —
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Best fit o/cg,, at m,, = 125.6 GeV

u=2.3*"4,

Combination of signal strengths:
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STATUS OF SM RARE DECAYS

Searches for rare decays
performed in various channels

Observation of these decays in
Run 1 would signal BSM
physics

Non-universal coupling of Higgs
to leptons:
‘un signal would be 280 times

larger than SM if u coupling was
equal to that of ©

Process limit
(times SM)
uu (ATLAS) 7.0
uu (CMS) 7.4
Zy (ATLAS) 11
Zy (CMS) 9
yy¥ (CMS) 7.7
Jhpy (ATLAS) 540
Jhpy (CMS) 540
ee(CMS) 10°




SPIN/CP HYPOTHESES TESTS

Tests Of Spln/CP propertles WW Spin information from kinematic variables
performed in ZZ, yy, WW g o T D
channels = 255_\(5=8Tev, 20307 .. j{Sw _k, E
2 FHoWW,n=0en S =2k =05k=1 -
ZZ: full kinematic information available for < 02 J=2k=1,k=0 -
spin/CP determination 0 155_ E

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

0_ [ | 1 |
0 0.5 1 1.5 : 3
a9 [rad]
Yy: use cos(6*)
\\"".'1(2 Yi/ \
N
S R o \\ 2
W\ A oo
\ .




FIXED SPIN AND PARITY TESTS

Test alternative fixed spin and parity hypotheses
relative to the SM 0+ hypothesis

Results favour the spin 0+ hypothesis

Alternatives: O0-, 1-, 1+, various spin 2 models are
typically excluded at > 99.9% CL

Large anomalous couplings are excluded. Next
step: look for presence of smaller contributions

CMS X =77 + WW 19.7 b7 (8 TeV) + 5.1 fb™ (7 TeV)
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qq gg production qq production

401
30F
20F
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10F
-20F
-30F

JE o hige 0
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LGy 05p)

Also Tevatron results:

B 0 SMz 1o

PRL 114, 151802 (2015)
ATLAS H—oZ77* - 4]
—e— Observed is=7TeV,45 fio!
------- Expected /s =8TeV, 20.3 fb'

B 0'SMt26 H— WW* - evuv
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P
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-jPI;G H— vy
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== = — =
. Bl |
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CP MIXING RESULTS

Probe potential CP-mixing and tensor structure of Higgs interactions
Amplitude describing interaction between a spin 0 and two spin 1 particles

used by CMS:
A(HVV) ~ aVV 4 K}/Vq%l + ngq%/Z 2
1 (AYY)?
\_'_I
SM

. ¥k VV ¢#(1) £%(2),uv VV ¢*(1) 7%(2),uv
mV1€Vl€V2+a2 f,m./ f % +a3 f;w f ().

\_'_} \_'_I

BSM CP-even BSM CP-odd

ATLAS: different formulation (see next
slide), but results can be compared

No significant contributions from BSM
terms are observed (see next slides)

BSM CP-even (95% CL)
CMS  fpncos(¢qn)e[—0.11,0.17

ATLAS fa2 < 0.12 for ¢u2 =0

fa2 < 0.16 for @0 =
BSM CP-odd (95% CL) 2
CMS faz cos(¢az) € [—0.27,0.28]

ATLAS fa3 < 0.090 for ¢, = 0
fa3 < 0.41 for ¢po3 = ;




CMS CP MIXING RESULTS

Probe potential CP-mixing and tensor structure of Higgs interactions
Amplitude describing interaction between a spin 0 and two spin 1 particles:

\'AY% KYVq%/l + K;/Vq%/Z 2 Lk VV *(1) £%(2),uv VV *(1) 7%(2),uv
A(HVV) ~ al + (AVV)2 mVlé‘Vlevz - a2 f’“_,, f ! - a3 fl”"’ f !
1
a1/ (A1)7 : _
_ , , o, . Xxsfor a =1
I \a1|201 + |az2|?02 + |az|?03 + oA/ (Al)4 + ... Pas | !
fn = |a2[*0 bur = arg (Q) Ay =1TeV
‘ a1 201 + |az|?05 + |az|?03 + oA/ (/\1)4 +... a
12320 o Phys Rev D. 89.035007
fa?’ — 2 > 2 - 1 ’ 4> 3 = arg [1—
CMémlerlazl o + lazl?o3 + a1/ (A1) + . .. 1
X 7,077 077
3 =% 7V
& : :
2a 1

II'|”'l”'|'"|”'!”'l”'l”'l”'l'”
-

N
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ATLAS CP MIXING RESULTS

30I\|I!\]II\IIIIII‘!I!'III'\II[I\\\

Lagrangian describing interaction between a e \ ]
. . i S HeZZ —>714l ]
spin 0 and a pair of W or Z bosons (from 25 oones RSP

2InA

JHEP 1311 (2013) 043): S SNy A
= Observed
F H—ZZ* — 4]

] —

ry — {CaKSM [igHZZZuZ" +8uwwW, W ”]
1 1 ‘ 7

—1% |CakuzZ LYy ZH" +S¢IKAZZZI~‘"Z“V]

% [CaKwaW;,,W_”V + SaKAWW W;‘,W"""]} Xo.
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I

lllllllllllJlll
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(Kan/¥gy ) -tan o

JF Model Choice of tensor couplings < SUpTTTTTTTTT T T T T T T T
~ [ ATLAS H—ZZ" -4
[}
KSM KHVV  KAVV i : o5 's=7TeV, 451"
0*  Standard Model Higgs boson 1 0 0 0 - Combined 5=8TeV, 20315" 1
+ ‘i ' - ____ Observed H—> WW* - evuv
0y BSM spin-0 CP-even 0 1 0 0 ol HOWW o ey 6 Tev. 20815" b

0- BSM spin-0 CP-odd 0 0 1 x/2 - —— Opsened

No significant contributions from
BSM terms are observed




WIDTH AND LIFETIME

SM width (m,=125.1 GeV): 4.1 MeV

From LHCXSWG

Higgs width measurements at LHC:
*Direct (limit at 95% CL obs. (exp.))

~2 GeV from ATLAS and CMS (yy,Z2): sl MO
*Interference in yy (signal — continuum) Hiow
*Expected mass shift ~40 MeV for SM
*No assumptions but small effect = 10";‘ L A A B
-Lifetime: T(H) > 3.9 x10-° MeV (CMS) g L ATASSmamE T
"f_rm g —— gg— H* - 2ZZ(S)
£ rhk-_ e
*Via off-shell couplings: L
iy

—
Q
A
I
o
\

Direct measurement of Off Shell : ",
*Measure width assuming SM running (or
measure running assuming width)
-6 | | | L \ | | | \ 1 1
.CMS: 22 (33) MeV (95%CL) at HL-LHC*: 19" 200 400 600 800 1000
“ATLAS: 23 (33) MeV (95%CL) T =4.1"3 MeV 22 11 m, [GeV]

couplings (independent of width)
ASSUMING™ Woprshent = Monshels | T T
*ATL-PHYS-PUB-2013-014 Far Off §he11 domain




CMS 491" (7 TeV) + 19.4 fb'' (8 TeV)
_| LI I LI | LI | LI | LI
COMBINATION OF SIGNAL > o WWHZZW s 125Gev
1000 g w  m vt en 0ot |
W+jets ww

STRENGTHS

‘We measure event yields n_,and we
need to extract signal yields n,

S/(S+B) weighted events / bin

Estimate and subtract backg atinn==TIaS S S DU
100 150 200 250
Ng = Ngyt — m; [GeV]
. i ATLAS Simulation H—ZZ* -4l
*Production mode categorie are mi=125GeV 110 <ma [GeV] < 140
mggF + bbH mVBF N\WH mZzH mttH

|||||||||||| L L L B B B B

contaminated by other signal pro

Global fit to all categories can take into VBF enriched
account all contributions and correlations ..o cricrod

Inclusive

VH-leptonic enriched

We extract the signal strength WL : ratio of |
the observed yield to the SM prediction ]

Signal Composition (%)
n‘ = zp[‘u”‘ugR ] X (07 X Br'), Xx AS' X S;’i X Lumi
pe(ggF ,VBF,VH ,itH) i€ (yy,ZZ WW ,bb,t7)




ATLAS/CMS Combination
£ o; - BR/

Signal strength: . = = 1, X ,uf

(o i )SM - (B Rf :)SM

Use parametrization that constrains production and decay
signal strengths to be the same:

0.11 0.07 /gy +0.04 0.03 \+0.07 1
p=1.09% 0 = 1.09Z077 (stat) Z5g4 (expt) Zyioz (thbgd) g6 (thsig)

Theory uncertainties equal to statistical uncertainties
 Recent improvements will help (but we can be more clever t00)
Overall systematic uncertainty larger than statistical uncertainty




ATLAS/CMS Combination

Production Signal Strengths

ATLAS and CMS Preliminary - ATLAS
LHC Run 1 --CMS
- ATLAS+CMS
— : —*1c
; —* 20
H e
agF .
u i SM p-value
VBF i 259,
W f
WH .
18
ZH .
H ttH
U S
| | | | | | |
0 05 1 15 2 25 3 35 4

Parameter value

Decay Signal Strengths

ATLAS and CMS Preliminary -- ATLAS
LHC Run 1
C Run ~CMS
| . -o- ATLAS+CMS
e —+ 1o
—t——
e
B g SM p-value
—— 60%
——
—e—
=
*i
Illlllllltllll|IIII|IIII|IIII|IIII|IIII
0.5 1 1.5 2 2.5 3 3.5 4

Parameter value



COUPLINGS FRAMEWORK

b

Y, : b yukawa

b
assuming no BSM patrticles in the loops

2 2 2
V.l =1, Y, SM K, <106 xk, -007xKkk,+00lxK,

2 2 2
K, «1.6xKky, -0.7xK K, +0.1xK;

*“k framework™: interpret signal strength parameters (u, Wgg) in
terms of modifiers to the SM couplings:

-Decay: ri — Ki2 riSM Assumptlong (see LHCXSWG YR3):
_ Y *Only one Higgs
*Production: 0; = K;“ O; *SM production and decay kinematics
Width: I'y, = X Ki2 riSI\/I Tensor structure is that of SM
*0+ scalar

Narrow resonance



ATLAS/CMS Combination

Test gauge vs Yukawa couplings

"_zLL 2_5_III|III|III|III|IIIIIII III|III|III|III
- ATLAS and CMS ClH-wy
. : : - LHC Run 1 H=>zz =
Assumptlons. oL Preliminary CIH-ww ]
B H — bb
Common scaling factor for fermions CHow

and gauge bosons: 1 8f [ combined

*Ke and Ky
*No BSM contributions to width
*No BSM contributions to loops

*Interference in yy, tH, gg->ZH 0-51

. . - *SM —68% CL
can resolve relative sign between Cemestit ool ]
Kgand ky % 02040608 1 12141618 2

f
Ky

*Results compatible with SM



ATLAS/CMS COMBINATION

w Ll
Y4

Sensitivity to sign of k¢ due to H->yy decay, gg->ZH and tH production (in W\W and

2
1.5

- LHC Run 1

— Preliminary

- [ JH—=wy
H—ZZ

[ JH > WwW
H — bb

L I | I I I I | I I I I | I I | I I I I
— ATLAS and CMS 7

i
T
l

- [_] Combined

* SM —68% CL
+ Best fit ---95% CL

II|IIII|I]II|IIII|II

] | | | | | | | | ] | | | | | ] | I | | | ]

II|IIII|IIII|IIII|J_III|III_I_IIII|IIII|IIII|II

0 0.5 1 1.5

N

f
Ky



COUPLINGS WITH SM

PARTICLE CONTENT

“*Absolute couplings”. Assumptions:

*No contributions to width from BSM particles ~
*No contributions to loops from BSM particles ¥z

*Why are the « values low when the global u Ky

is 1.097? ;
(Q)-T
oj- BR/ = 7:i(®) T (®)
Iy
o T
I - BRBSM

0.57 - ky t+0.22 - ki +0.09 - k5 +
K~ +0.06-k2+0.03- &2 +0.03 - K2+
+0.0023 - k5 + 0.0016 - k7, +

ATLAS and CMS Preliminary - ATLAS

LHC Run 1 - CMS

-o- ATLAS+CMS
—* 1o

0O 02040608 1 12 14 16 1.8 2
Parameter value

+0.0001 - k; +0.00022 - «;

Low value of k, reduces total width




UP/DOWN AND LEPTON/QUARK COUPLINGS

-21n A(kdu)

Check coupling ratios between up-type and down-type
fermions (left) and quarks and leptons (right)

—

a4 DD W A OO 0 N 0 O O
R RRRR RN RRRRE RRRRRRATIE R ARR AN

o

*motivated by e.g. two Higgs doublet scenarios

- LHC Run 1
— Preliminary

- ATLAS andCMS

I T T T
[KUU’;\‘du’)”Vu:I

----- SM expected

—— Observed

lq

21N AQL )

—

= DD W A OO0 OO N 00 © O
TTTTTTT[TTTT] 1] LT

o

- LHC Run 1
— Preliminary

[T T T T l T T T T I T T T T l
= ATLAS and CMS

T I T
[quJ\’Iq’qu]

----- SM expected
— Observed




NEW PHYSICS IN LOoOPS?

HO
Test for “heavy” BSM physics (BSM particles
> m/2) with possible contributions to ggH, g
Hyy (and HZy) loops, or “light” physics in the
decay loop (0-BR)(gg > H—oyy) _ X'
osm(gg — H) - BRsm(H — vy) i

*Assume SM couplings for known particles

ATLAS and CMS Preliminary
LHC Run 1
M@ 2_I | T | T 1T | T | LI | T 1T | T | LI | T T T K B _*:
- ATLAS and CMS [CJATLAS ] Z| e, =1 i
1.8 | HC Run 1 CJcms g —  BRaqu=0 |
- L [JATLAS+CMS Ky| —*lo ———
1.6 Preliminary N | —=2 |
C K : .
1.4 = ‘L |
.20 5 K e
1 = Kp| T |
0.8F ] Kq B __.__
0.6F - = | e
- *SM  —68%CL . ¥ :
0.4 + Best it ---95% CL - 8R — =
_I | L1 1 | 1 1 1 | | I | | L1 | | L1 1 | 11 1 | L1 1 | 1 1 I—
04 06 08 1 12 14 16 18 2 BSM||| FERE NN NN NN EER A NN NN ER N R

. : . 14 16 18 2
Ky Parameter value



INVISIBLE DECAYS: DIRECT SEARCHES

SM BR to invisible: 0.1% (ZZ->4v) 3 0T VBF Signal 125 G, BRo100%)
3 v E

Weak vector boson fusion is the most 5 v e ]
. . § 102 —@— Data 2012 —
sensitive production mode & ATLAS Preliminary-

20.3fb", 8 TeV

10

S
g L
q’ ..
*Require E;Miss and VBF signature: " 192" @ TeV)
-Large separation between jets in 1 £20E CMS T Wy
. q>.) 180 preliminary B W— ev
Large mijj 2 160 Eg%;
*Results (95% CL) on BR: = Top
ATLAS: 28% (31% exp.) i

*CMS: 58 % (40°/o exp.) :'

-Combination of all channels: - na

2 5f
-ATLAS: BR(inv) < 25% (27% exp.) at 95% CL Eo.g;f
1
Q

it
-CMS: BR(inv) < 36% (30% exp.) at 95% CL il e R 2&""(&%"\%



MOST GENERAL FIT

*No assumptions on particle content in loops

*No assumptions on BSM decay or Higgs width

Drawback: can only fit ratios

c(gg—
H — WW)

GVBF/ GggF

Oyt Ogqr
GZH/GggF
GttF/GggF
BR*/BR""
BR"/BR""
BR"/BR"W
BR*/BR"W

LHC Run 1

ATLAS and CMS Preliminary ——ATLAS

- CMS
- ATLAS+CMS
—* 1o
—* 20
Th. uncert.

.
————— |

ap— !
N IR NS I A A

-1 0

1

3 4 5 6

Parameter value norm. to SM prediction

ATLAS and CMS Preliminary
LHC Run 1
9Z| _ CMS Ho--
— —e— ATLAS+CMS :
A —* 1o —to—
9| —+2¢ _..___—
A ————
tg  — | ———
_ -
KWZ - .-
A et
A o
A e
24 o
A ——
bz e
II|IIIIIIIIIIIIIIIIIII'IIIIIIIIIIII
-3 -2 -1 0 1 2 3

Theory uncertainties
are reduced

Parameter value




DIFFERENTIAL CROSS SECTIONS (ATLAS)

SM Higgs theory predictions for kinematics: combination of yy and ZZ

pr(H)

lyl(H)

= ; —— T
() B HRes + XH
() + B NNLOPS+PY8 + XH
= | . ¥ MG5_aMC@NLO+PY8 + XH
_ LA B SHERPA2.1.1+ XH
Q102 ' wes XH = VBF+ VH + ttH + bbH
© Byt
— N -¢- data, tot. unc. syst. unc.
8 T il \s=8TeV, 20.3 b
2 # ATLAS ppon
103 T e ‘*I 1
P IR BRI | | | || |
[%2] T T 71 T T T T T T T
[
o
T 2
: ﬂﬂﬁ > |
'.g qlax 7 s .T i H 5%_
& * ] t
0 1 L 1 L 1 1 L 1 Il
0 20 40 60 80 100 120 140 160 180 200
Pt [GeV]
= e B e
> 120 aras pp—H M HRes + XH ]
© L d " B NNLOPS+PY8 + XH
B | ¢ data tot.unc. - syst. unc. MG5_aMC@NLO+PY8 + XH
© 1 \s=8TeV, 20.3 o’ B SHERPA2.1.1+ XH
L i -+ XH = VBF + VH + ttH + bbH
T 0.8F .
0.6/ =" Ma o = 4
L
0.4f PR ]
F - -
0.2f ]
Ll I I LT i e
w 0 T T T T T T T T T T T
£ 2
T
E 4
o 1 - ¢ + + +
T f +_+_
[a sy

0 0204 06 0.8 1

12141618 2 22 24
yH|

jets

P1(4)

o [pb]

T
ATLAS pp—H

=
# MG5_aMC@NLO+PY8 + XH
10%F -¢- data, tot. unc. syst. unc. £ W SHERPAZ.1.1+ XH B
\s=8TeV, 20.3fb" P STWZ + XH
antik, R=04,p" >30Gevy | * BLPTW+XH
T === XH = VBF + VH + ttH + bbH
1 O E * *::J L

|
||
*
A A
=

T T T
NNLOPS+PY8 + XH

»
[
o
-
4
z
L
2
kS
o
Njets
= L B L R L IO
[ ATLAS pp—H B NNLOPS+PY8 + XH
(O] . # MG5_aMC@NLO+PY8 + XH
= anti-k; A = 0.4, Njg, 20 M SHERPA2.1.1+ XH
-  p— wess XH = VBF + VH + ttH + bbH
% * -4- data, tot. unc.  syst. unc.
51072k - i - \s=8TeV, 20.3 fb" E
©
© f%
=
-
|
£ ey o |
103 it B 4
L ! ! L L. L
%) T T T T T
a
S 2
z | .
[N | —— f——T—%—- o - = -
L -
el
g O 1 1 Il 1 Il 1
0 20 40 60 80 100 120 140
i1
P! [GeV]



DIFFERENTIAL CROSS BFT papers:

JHEP 07(2015) 035
JHEP 06(2007) 045

SECTIONS AND EFT

- Study tensor structure and strength of

. . . . s [T oo
Higgs interactions in the context of an S .4 PPV IS8TV 203107 ATLAS Preiminary
effective Lagrangian framework i E

- Use Strongly Interacting Light Higgs [
(SILH) formulation: °r E
.[, = C),O + Cgog + CHWoHW + CHBOHB 0.2 - * Standard Model |
. ¢ =¢ Tl 95%CL ]
+ C},Oy + chg + CHWOHW + CHBOHB -0.41— e B 68%CL —_
T 0z o 1 0 o1 oz
Statistical combination of 5 yy input variables: | | | £
%1025_;‘.‘);3;‘H‘—> ‘M‘ \‘s:‘8‘Te‘V, ‘20‘.3 f‘b"‘ ‘+ (;lat;l |
¥ | ATLAS Preliminary — Standard Model
i ¢, =0.0001 5 F— " T T T [T H
i == Cpyy =0.05 ‘; 0-4j pp—>H-—=vyy,{s=8TeV, 203" | ATLAS Preliminaryi
e _+_ : 10:” ////"_—:“\\\\
107 E 02~ Y e N\ ]
- '+' ] Y N
- +_l:o— 1 /// y / \\\ A\
B - = — { \ —
“’ : - L“’_ TR |
+ e | . Ny
I | fﬁ ; . \ Qe -
i 1 T 95%CL \\__/// * Standard Model i
Q ‘e ‘0 ‘y ‘6\ ‘6’ ‘d> ‘z N\ ‘\\ ‘\\ ‘Q\ Q ‘e ‘7 & @ ‘v} ‘9 ‘o\ e ‘o\ = ‘;_ -0.4T?J.6?%‘CL| N R R B |
BB DB % ROy BB R Lplay 5 4 L 06 04 02 0 0.2 0.4
pl' [Gev) N | miiGevi  Rgy Pl [Gev) T, x 10°



Run 3 and Beyond

i : _ _ ATLAS Simulation Preliminary
Ongomg studies of nggs phyS|CS 's = 14 TeV: [Ldi=300 b ; [Ldt=3000 fb”

potential at high luminosity "N
H—yy (comb.)
;L ATLAS Simulation Preliminary t | .
= hosyy, hsZZ -4l hsWW*Ssivly Z.% 3 H— ZZ (comb.)
= E h—tt, h—bb, h—»pp, h—»2Zy "'- E
10 [z, Kuys Ko Ky Koy K] W —
= BR,=0 & H— WW (comb.)
- b . .
102 A ; —
- o \s=14TeV E H— Zy  (incl)
i t —[Ldt=300 0" -
10° | — [Ldt=30001" 5
% ; Hos b (comb)
= 128 7 T E
@ 1.1E | T = H—stt (VBF-like)
O C 7
R e R B
o U.9F T E
o 0.8;— i | _ H—up  (comb.)
10 1 10 10°




CONCLUSIONS

*A lot of progress made since the discovery 3 years ago

*The measurements of the production and decay properties
of the Higgs boson are consistent with SM predictions

*The SM 0O+ hypothesis is preferred over all other tested
spin/parity alternatives (almost all excluded at > 95% CL)

*Coupling strengths consistent with SM
*No evidence of BSM physics in the scalar sector (yet...)

«Improving the Run 1 results significantly will require a
substantial dataset and a lot of work on both the experimental
and theory/MC modeling side

*We have a very exciting and challenging Higgs physics
program for Run I
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Events / 2 GeV

STATUS OF RARE SM DECAYS: Ul

oY ) LSS LN BLELEL B B B BN ELELELE I B + - -
\oop ATLAS 2o Gwen 3 MU analysis:
1P oIl Lat=2egtt OJE EW - 2 analysis channels (ggF and VBF)
107 Howw s een - Analytic background model (similar to yy)
10
5
s Results at 95% CL.:

3
pd 0.Br < 7.0 (7.2)(0.Br)gy,
10
1 /Jﬁlll’ Universal couplings (same as t lepton)
10-1 [ il adlllannllanallaanliallalonallaoael . . .
80 100 120 140 160 180 200 220 240 260 would imply signal ~280 times SM
m,. [GeV] PLB
+ - -1 -
S oot TR T Howw 1970 B TeV) PLB 732 (2014)
8 ” 0,1-Jet Tight BB —e— Data CMS 8 16 2-Jet VBF Tight —s— Data CMS
g 800_ Background model —: 2 14 % Background model —;
'% I T — SM Higgs boson x 20 ] % 12 ;'_ --------- SM Higgs boson x 20 _;
> 6001~ 1.2 10f 3
Y - 3| Results at 95% CL :
400 - c 3
i ] 6 i 7
200~ 4 F 4, ant 7 | 0.Br <7.4 (6.5)(0.Br)qy
B 2 E
0_ R B B B OZJLL.F"’"E
N 3 | 2/NDF = 45.7/48 = 0.953; p-value: 0.566 ' . 13EwNoF= 14.2/18 = 0.788; p-value: 0.717 '
g° . | | | | is :f;g
110 120 130 140 150 161 110 120 130 140 150 160 42

m,, [GeV] m,, [GeV]




STATUS OF RARE SM DECAYS: ZY

CMS (s=7TeV,L=5fb"'Vs=8TeV,L=19.6fb"

Zy analysis strategy

400

16003— —e— Data H—2Zy

oof s aavx7s - Detector and p; categories
3 E - Analytic background model
o 1000 «
P (similarly to yy)
:>_: 6003—

Results at 95% CL.:

200

Q0 ~TI0 120 130 140 150 160 170 180 190 O'.BT<9(9)(G.BI’)SM
my, (GeV)

PLB 732 (2014)

>
o) = 30— T )
9 600 ATLAS - N - .[Ldt=4.5fb'1, \s=7TeV — Observed |
2 - £ C L e Expected ]
) - —e Data L 25 |Ldt=203f",\s=8TeV =
& 500 - 3 tlo -
o e ot (m o125 Gov,0q,50) - 27 K +2 7| Results, 95% CL.:
400 2 k ATLAS .
- I .
300 T 15: _: O'.Bl' < 11 (9)(O.BF)SM
- 5 » .
200( £ 10PN -
1002 A fLdt=4.51b", Vs=7 Tev - 5 E N ]
n _:": ¥ JLdt=20.3 b, Vs=8 Tev : i\ﬁ SN TR =
P TR C D H SR R SRR 2 -
0 e C
120 130 140 150 160 1 ol

145 150
my [GeV]

m,, [GeV 120 125 130 135 140




CMS CP MIXING RESULTS

Probe potential CP-mixing and tensor structure of Higgs interactions
Amplitude describing interaction between a spin 0 and two spin 1 particles:

\'AY% KYVq%/l + K;/Vq%/Z 2 Lk VV *(1) £%(2),uv VV *(1) 7%(2),uv
A(HVV) ~ al + (AVV)2 mVlé‘Vlevz - a2 f’“_,, f ! - a3 fl”"’ f !
1
a1/ (A1)7 : _
_ , , o, . Xxsfor a =1
I \a1|201 + |az2|?02 + |az|?03 + oA/ (Al)4 + ... Pas | !
fn = |a2[*0 bur = arg (Q) Ay =1TeV
‘ a1 201 + |az|?05 + |az|?03 + oA/ (/\1)4 +... a
12320 o Phys Rev D. 89.035007
fa?’ — 2 > 2 - 1 ’ 4> 3 = arg [1—
CMémlerlazl o + lazl?o3 + a1/ (A1) + . .. 1
X 7,077 077
3 =% 7V
& : :
2a 1

II'|”'l”'|'"|”'!”'l”'l”'l”'l'”
-

N
~N
o R




ATLAS CP MIXING RESULTS

Lagrangian describing interaction between a

spin 0 and a pair of W or Z bosons (from
JHEP 1311 (2013) 043):

=Ly = {CaKSM [%814222#2” +3HWWW;W_#]

11 ’ 7

] [

JF Model Choice of tensor couplings
KSM KHVV Kavv a
0*  Standard Model Higgs boson 1 0 0 0
0, BSM spin-0 CP-even 0 1 0 0
0~ BSM spin-0 CP-odd 0 0 1 /2
CMS/ATLAS comparison

No significant contributions from
BSM terms are observed

% [CaKwaW;,,W_”V - SaKAwwW;{,.W_’”']} Xo.

ATLAS paper: JHEP 1311 (2013) 043

<<30L|‘\I\||I||||\l\l\lllll\l\l\llllll\\
[
™ | ATLAS Preliminary H— ZZ* — 41
' o5l ls=7TeV, 455
5 B Observed /s =8 TeV, 20.3 15" i
... Expected: H— WW* - evuy
20 C signal strength fit to data s=8TeV,20.3 15" A

Fommeeeee Expected: SM

O\I‘\I\IIII'II\IQ\ML"('I'l\I\]\Illllll\\
8 6 -4 -2 0 2 4 6 8

BSM CP-even (95% CL)
CMS  fapcos(¢az) €[—0.11,0.17]
ATLAS fa2 < 0.12 for @40 =0
“,,-__) < 0.16 for Do = T
BSM CP-odd (95% CL)
CMS  fi3cos(¢a3) € [-0.27,0.28]

ATLAS fu3 < 0.090 for ¢u5 = 0
f(l.'{ - 0.41 f()l' D3 = T >




WIDTH: LIFETIME AND OFF-SHELL COUPLINGS

(CMS)

SM lifetime (my= 125 GeV): 1.6x107 fs

CMS 19.7 b (8 TeV) + 5.1 fo' (7 TeV)
T T T ‘ T T T ‘ T T T ‘ T T T | T T T | T T T |
. — Observed, f AQCOS(¢AQ) unconstrained

Measure flight distance in the detector

using H->ZZ->41 channel
t(H) <190 fs at 95% CL

I'(H) > 3.9 x109 MeV

CMS 19.7 b (8 TeV) + 5.1 tb™ (7 TeV)
E 8 _I T T [ T T l_
3. ¢ Observed
g [ ] SMsignal
~ | [ ion=t00um
"g 6__ I g9—4¢bkg.] | B
g - [ qg—4¢bkg.
W L Iz
41— o —
2+ |
o—500 500

CAt (um)

-2A InL

20__ --- Expected, fA QCOS(¢AQ) unconstrained _
o Observed, on=0
I Expected, f Q=0

S 95% CL |

68% CL |

il = 1 1 1 1 1 1 ‘ | 1 1 I 1 | 1 | 1 1 1 |
0 20 40 60 80 100 120

I\, (MeV)
Enhancement of off-shell production possible

through anomalous HVV couplings:

\2 2 2
: 14+ aw ) : Gui + gy
e'Pao ({7‘(1/\ (;‘2“) _(,,4,‘,\1(7\(1/\—)72\2) rn%,re{*-lf’;z
Q 1

ta, fﬁél)f*(zj,;w n an; 5;1)-f*(2:)1}11-' ,
Width derived with/without profiling of cross
section fraction: mé/ /\ég
fag =

AHVV) « |a, —

|a1]? + miy/ A



