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CopoepxaHue

x Pesynbtatbl ATLAS n CMS no KOHCTaHTaM CBA3U

= KombuHauusa ATLAS+CMS no macce 1 KOHCTaHTaM CBSA3U
= CnuH 1 YeTHOCTb 6030Ha Xurrca B ATLAS

» OudpdepeHunanvHblie cedeHna B H>4l n H>vyy B ATLAS

= [louck H B peaknx n HectaHAapTHbIX KaHanax pacnaga
H>J/Y v, Yy (ATLAS), VBF H>inv (ATLAS), H>ut (ATLAS+CMS)

= 3akn4vyeHune
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‘ ATLAS and CMS individual combinations

mass and couplings: EPJC 75 (2015) 212

m,=125.02 GeV

couplings: arXiv:1507.04548

mass: PRL 114 (2015) 191803, m;=125.36 GeV

ATLAS Input measurements 19.7 o (8 TeV) + 5.1 fb" (7 TeV)
Individual analysis m, (Gev) .i 1(;: onpu o COTE?%%iO.M CMS m, - 125 GaV
1 N H — vy (untagged)
e :O.BOEE 125.4 -—-_. H— vy (VBF tag) | Pgy = 0.84
S . [ S H — vy (VH tag)
Mozz ST i H— yy (ttH tag)
VBF+VH: p =°'3'E§ 125:36 : '—I—‘——'I H — ZZ (0/1 'jet) From M P|er|
Howw s eI H— ZZ (2-et) e
Y 120 B o H— WW (0/1-jet) e ,
—a e [ LS H— WW (VBF tag) with changes
voroven o e s S H— WW (VH tag)
VH — VBB Ovaral\:p:D.Szj:::é% 12;:: t-—-'—_._._.I . H — WW (ttH tag)
P g B H — tt (0/1-jet)
H—pp Overall: p =077 |125.5 : 3 H — 1T (VBF tag)
Ho2Y  ovain 2o o H— 1 (VH tag)
0 S I H — 1t (ttH tag) =
B o2 1o H— bb (VH tag)
it : i H - bb (ttH tag) B —_—
\s =7 TeV, 4.5-4.7 fb”’ -2 0 2 - '2 2 . 4 6
\s =8 TeV, 20.3 fb™' Signal Strength (p) BeSt flt G/GSM
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Higgs boson: measured mass

1 I I I I 1 1 I I I 1 1 I I 1 1 1 I I I || 1 I | I 1 || ] I I 1 1 1 I I I
ATLAS and CMS ——iTotal | |Stat. [ Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy F——e— 1] 126.02+0.51 (£0.43+0.27) GeV
CMS H—yy ——— 124.70 + 0.34 (+ 0.31+0.15) GeV
ATLAS H—ZZ—4l | | 124.51+0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ —4l ——— 125.59 £ 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy % 125.07 £ 0.29 (£ 0.25 £ 0.14) GeV
ATLAS+CMS 41 125.15 + 0.40 (+ 0.37 + 0.15) GeV
ATLAS+CMS yy+4l IEI 125.09 +0.24 ( +0.21 £ 0.11) GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L | 1 1 1 1 | 1 1
123 124 125 126 127 128 129
m,, [GeV]

« Agreement between averaged masses obtained in H-=>yy and H->4l modes
« <20 tensions between masses in these modes in individual experiments

« Statistical error still dominates (in all cases considered)

W. LlykepmaH, poccurickmnin ATITAC
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ATLAS+CMS combination: H boson couplings

Five production processes (ggF, VBF, WH, ZH and ttH)

Six decay channels (ZZ", WW,yy, bb, tr, ATLAS-CONF-2015-044
channels (22 W e

Higgs boson mass 125.09 GeV
Complete 7 TeV (=5 fb1) and 8 TeV (220 fb-1) datasets

Theoretical cross sections and branching ratios for SM Higgs boson

Production Cross section [pb] Decay channel Branching ratio [%]
process Vs=T7TeV  s=8TeV H — bb 57.5+ 1.9

ggF 15.0£1.6 19.2+2.0 H— WW 21.6 L 0.9
VBF 1.2240.03  1.584+0.04 H = g9 8 56 4 0.86
WH 0.577 4 0.016 0.703 £ 0.018 0o 6.30 L+ 0.36
ZH 0.33440.013  0.414 £ 0.016
lg9Z H] 0.023 +0.007  0.032 = 0.010 H = ce 2.90=0.35
bbH 0.156 & 0.021  0.203 £ 0.028 H— 22 2.67+0.11
tH 0.086 4 0.000 0.120 + 0.014 H =y 0.228 £0.011
tH 0.012+0.001  0.018 £ 0.001 H — Z~ 0.155 +0.014
Total 174+ 1.6 22.3 4+ 2.0 H — up 0.022 4 0.001

N. LlykepmaH, poccunckuim ATJTIAC
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Higgs boson signal strength, p From M. Pieri,

LHCP 2015,
with changes

* uisthe so called signal strength (u=1 in the SM)

;= — L and ﬂf = l_l{ = ! = H; X ]Jf
o BRy- (07 BR gy

* Most constrained parameterization: one single signal strength p
(and assuming the same at 7 and 8 TeV)

p=1.09%010 = 1.0970:57 (stat) *G:04 (expt) “0:03 (thbgd)*(gg (thsig)

* Expected uncertainties very similar to observed

» Signal theory uncertainty due to QCD scale and PDF as large as
statistical uncertainty. Being reduced from the theory side

See talk of Alessandro Vicini at LHCP

IAII other measurement still dominated by statistical uncertainties \

N. LlykepmaH, poccunckuim ATJTIAC
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Higgs boson signal strength w.r.t SM, n
(A CONE

ATLAS and CMS Prel ATLAS 2t S and CMS Prel
an reliminary - ATLAS and CMS Preliminary ——
L HO . CMS CMS-PAS-HIG-15-02 [liktsie ATLAS
- ATLAS+CMS - CMS
— s —*Tc L - ATLAS+CMS
: —+ 20 :
B : —+ 1o

ggF - - —_._l
L From M. Pieri, I—o—
Mg LHCP 2015, with —
B ———— modifications —
*
- m.=125.00 GeV [y —-_—,_—- -
e
e —

Hon : in combination

" — fLbb :
—i—— H
1111 | 1111 I | | 1111 | L 111 ‘ 1111 | 1111 | 1111 | I | | 1111 ! 111 | 1111 I | I - | 1111 | 1111 | 111
0O 05 1 15 2 25 3 35 4 0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter

Parameter value '
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ATLAS+CMS: significance in different channels

* Comparing likelihood of the best-fit with u, ,4=0 and paecav=Q

we obtain:

Observed

Expected

Production process

Significance(o)

Significance (o)

From M. Pieri,
LHCP 2015

VBF 5.4 4.7
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH 4.4 2.0
Hate 5.5 5.0
H->bb 2.6 3.7

 Combination largely increases the sensitivity

VBF and H=>tt now established at over 5 0. Same as ggF and
H->Z7Z, yyv, WW from single experiments

N. LlykepmaH, poccunckuim ATJTIAC
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Higgs boson in ATLAS: spin and parity

« Channels tested: H>ZZ"2>4l, H>WW->evuv, H>vyy

* Hypotheses tested: 0* (main), BSM 0, 0,*, 2* with universal and non-
iniversal couplings to fermions and vector bosons

» Tensor structure of HVV interaction (0*) also started to be studied

Tested Hypothesis P =1 P Pobs Pt Obs. CL; (%)
0, 2.5-102 4.7-107% 085 7.1-107° 4.7-1072
0~ 1.8-1073 1.3-107% 088 <3.1-107° <26-1072
2T (kg = Ky) 4.3-1073 2.9-107%  0.61 4.3-107° 1.1-1072
27 (ky = 0; pr < 300GeV) <31-100° <3.1-100° 052 <31-100° <6.5-1077
27 (k, = 0; pr < 125GeV) 3.4-1073 3.9-107%  0.71  4.3-107° 1.5-1072
27 (kg = 2Kg; pT < 300GeV) <3.1-107° <3.1-100° 028 <3.1-100° <43-1073
27 (k, = 2k,; pr < 125GeV)  7.8-1073 1.2-107% 080 7.3-107° 3.7-1072

W. LlykepmaH, poccurickmnin ATITAC
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H->4l and H->vyy differential cross sections in ATLAS

Example: distribution on
jet multiplicities

- ATLAS pp—H
_ —¢- data, tot. unc.
\s=8TeV, 20.3fb"

anti-k, R = 0.4, p > 30 GeV

1

PRL 115 (2015) 091801
|

syst. unc. _|

| I I

i

T

B NNLOPS+PY8 + XH

[ MG5 aMC@NLO+PY8 + XH

- M SHERPA2.1.1+ XH E

& STWZ + XH 1

[ BLPTW + XH .
== XH = VBF + VH + ttH + bbH

9/22/2015

l.I. Tsukerman, high mass meeting
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VBF H 9 | nvisi b|e arXiv:1508.07869,

submitted to JHEP

Obtained/expected limits on BR(H->inv.) for VBF mechanism

Results Expected +loc —lo +20 2o | Observed | e\[Sh [liiliteio) st
SR1 0.35 049 0.25 067 0.19 0.30 based on VBF
SR2 060 085 043 1.18 032 | 083 ggfcfr(ggfgggg%
Combined Results |  0.31 044 023 060 0.17 0.28
-34

E0of atias | mempmere s
Signature: 18_23 : = o _ %E:jﬁt%s
 two very high p;—jets with 18:2 __ igga poral model

=i fermion

large invariant-mass and

i VECtOr

rapidity separation 10742

- 107
Third jet veto /sl S
: 1074° SRR b

very large EM'ss 107%°

WIMP-nucleon cross section [cm?]

\1s=8TeV, 20.3fb™
BF (H — invisible) < 0.23 at 90% Cl-

Ll I 1 1 1 1 L 1 Ll l

10 10°

WIMP mass [GeV]

N. LlykepmaH, poccunckuim ATJTIAC
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Rare H and Z decays to J/yy and Yy in ATLAS

PRL 114 (2015) 121801

Quarkonia were reconstructed using their utu- decays

95% CL, Upper Limits
J /1 T(1S5) T(25) T(3S5) | Y."T(nS)

B(Z— Qv)[107°]
Expected | 2.0%5% | 49775 | 62132 | 54797 | 88751
Observed 2.6 3.4 6.5 5.4 7.9

B(H— Qv)[107°]
Expected | 1.279% 1.8%02 21756 1.8%02 2.57,%
Observed 1.5 1.3 1.9 1.3 2.0

o(pp = H) x B(H = Q) [fb]

Expected | 26712 38119 4512 3811 547171
Observed 33 29 41 28 44

N. LlykepmaH, poccunckuim ATJTIAC
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Exotic LFV H->ut decay in ATLAS and CMS

SR1

SR2

Combined

Expected limit on Br(H — ut) [%]

Observed limit on Br(H — p7) [%]

1.607092

1.55

L7545 | 1.241030

3.51 1.85

ATLAS:

arXiv:1508.03372,
submitted to JHEP

Best fit Br(H — p1) [%]

—0.07795%

194102

0.7740.62

Expected Limits

O-Jet 1-Jet 2-Jets

(%) (%) (%)
UTe <1.32 (£0.67) <1.66 (£0.85) | <3.77 (£1.92)
HTh | <2.34 (£1.19) | <2.07 (£1.06) | <2.31 (£1.18)
UT <0.75 (£0.38)

Observed Limits

UTe <2.04 <2.38 <3.84
HUTh <2.61 <2.22 <3.68
HT <1.51

Best Fit Branching Fractions
e | 087198 081135 0.05 15
PTh | 0417F1% 0.21%7:05 148053
e 084703

CMS:
PLB 749 (2015) 337

N. LlykepmaH, poccunckuim ATJTIAC
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Conclusion

Channel References for Signal strength [p] Signal significance [o
individual publications from results in this paper (Section 77)
ATLAS CMS CMS ATLAS CMS
H—= 7y [52] [53] L1702 112002 5.0 i
(+530) (4.6) (5.1)
H—ZZ 48 [54] [55] 1055532 6.6 7.0
() (5.5) (6.8)
H— Wi [56,57) [58] 237 001703 6.8 4.8
(o) (hio) (5.8) (5.56)
H—rr [59] [60] LALT)S0 petodl 1.4 3.4
Cof) (o) (3.3) (3.7)
H —bb [38] [39] 062755 081701 L7 2.0
Coan)  (F5i3) (27 (2.5)
H = pp [61] [62] —0.7+3.6 08+3
(+3.6) (£3.5)
#tH production  [63,64,28] [66] 19495 29750 2.7 3.6
(*3.38) ) (L.6) (L.3)
Best-fit u Uncertainty
ota A Xpi 1bg hsig
Total Stat Expt Thbgd Thsig
1, e +0.11 +0.07 —+0.04 +0.03 +0.07
ATLAS and CMS (meas.) 1.09 oo Toor Toos e oos
; . +0.11 +0.07 +0.04 +0.03 +0.06
ATLAS and CMS (exp.) - To10  Toor oo4 Toos T o.06
3 s ’ 4015 4010 40,06 +0.04 +0.08
ATLAS (meas.) 1.20 —0.14  —0.10 -0.06  —0.04 —0.07
5 . 2 4014 4010 40.06  +0.04 +0.08
CMS (meas.) 0.98 —0.13  —0.09 —0.05 —0.04 —0.07
Production | ATLAS+CMS ATLAS CMS
a+0.17 oE+0.24 L4019
gl 1034017 125402 0.844519
HVBF L18+G 5 LTG50 IREMH
v 0.88%553 12575753 0467537
nzi 0.80103% 0.3005L 1354058
pent 25500 L9458 20405

ATLAS and CMS experiments at

LHC discovered neutral boson with mass
=125 GeV having production cross
section compatible with SM Higgs boson

Measurements of the new boson couplings
were performed and they are all in
agreement with SM predictions

Different spin/parity hypotheses were
tested and the SM-predicted hypothesis,
0*, has very strong preference

ATLAS and CMS continue to study
properties of the discovered particle and
plan to improve the measurements with
13-14 TeV data expected starting from 2015

22.09.2015

W. UykepmaH, poccunckmin ATJIAC
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Backup slides
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k-framework: BSM coupling modifiers

 The k-framework has been developed within the LHC Higgs Cross
Section WG

* Higgs boson couplings are scaled by coupling modifiers k
* The definition is such that:

Kji=o;loy or ki =I"/Tg

2 SM
_ Kug'l'H
KH 2 BRSM f H= I - BRygy,
* With BRg,,, the BR of invisible + undetected decays

— Undetected decays can be either non SM decays or come from different
BRs of known but not measured decays: cc, gg, ...

If New Physics lower than m,,/2, BR;,, could be affected
If above m, /2, effective couplings of the loops would be modified

N. LlykepmaH, poccunckuim ATJTIAC
22.09.2015 22.09.2015 16



No BSM in the loops

* Fitting the 5 main tree level coupling modifiers + x , and

resolving all the loops.

ATLAS and CMS Preliminary — ATLAS
LHC Run 1 -~ CMS
_ . =ATLAS+CMS
; —=z 1o
KZ ———
K —
W -
K, ——
——
H
—— E
K
: ® ;
III|III|||I|III|IIIEII|IIII|III|I|||III
0 02040608 1 121416 18 2
Parameter value

From M. Pieri,

LHCP 2015

1072

T 1 IIIIII|

10°*

T

||r||||| T T TTTTTT

> 1. ATLASand CMS
LHC Run 1 Preliminary

— Observed

SM Higgs boson

.
-~
.
.
7
'E
¢

- g "E

b

T |||||r|| T

t
z.%
..-"'f‘

Within current precision
Higgs couplings scale with

particle masses

L1 IIIIII| 11 IIIIIIr

107"

1 10

102|

Particle mass [GeV]

N. LlykepmaH, poccunckuim ATJTIAC
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Pair production of Higgs bosons in ATLAS

10

o(gg—H)x BR(H—hh) [pb]

0—1

—_

o(gg—H)xBR(H—hh) [pb]

L B B e L B S B B

| ATLAS 1s=8TeV,20.31b"

- hh — bbtt (bbwchad+bbe1:had) —=— Observed
----- Expected
- + 1o expected

+ 20 expected

c e b b b b b

300 400 500 600 700 800 900 1000
m,, [GeV]

102§..,‘...‘...‘,..‘.l.‘..,‘... T

- ATLAS \s=8TeV, 20.3fb" ]

10:_ —e— Observed - bbtt exp _:

E T e Expected - WWyy exp 3

F [ + 10 expected —— bbyy exp ]

i r% +2c expected — — bbbbexp |

10'15— E

102 =

P IR AR U B U RN R R
300 400 500 600 700 800

1y 1
900 1000
m, [GeV]

o(gg—H)xBR(H—hh) [pb]

35

30

25

20

15

10

L I L B L B AL |
ATLAS \s=8TeV,20.3 fb"
hh— yYWW (yyivaq) —e— Observed
----- Expected
- + 1o expected

+ 20 expected

!

||\Illl\lllllll‘lllll\llll\lll—

[¢)]

arXiv:1509.04670

ol e L ]
300 350 400 450 50

N
AT
o

0‘

m,, [GeV]
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ttH, H=>bb in ATLAS and CMS

- ATLAS 1so8 ToV. 203 - States with one or two
EPJC 75 T A e e N electrons or muons
(2015) 335 ' ttH (H—bb) (tot) (stat)
Dilepton |- ., 28%20 (14)_ Categorization of  events
according to Nigs and Ny,
Lepton+jets |- ~—e—— 12+1.3 (0.8) — NN to separate signal from ttbb
Combinationf-  F—e—- 15+1.1 (07) 7
oz 4 e s o0

Best fit u=c/cSM form =125 GeV
19.5fb™ (8 TeV)

States with jets plus one or two
= opposite-sign leptons

EPJC 75
(2015) 251

: Matrix element method to
. separate signal from ttbb BGR

Combined — -

Best fitu =c/c__at m, =125 GeV
SM

N. LlykepmaH, poccunckuim ATJTIAC
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ttH, H>multileptons in ATLAS

— {0t ATLAS

—  stat. Vs =8TeV, 20.3fb!
tot. (stat.)
20074} - e 4 2.8 75 (121
30t I o | 2.8 7§ (19
2017, 4| e 4 0.9 7 (%3
4er Ko 1 1888 (28
1027, 4@ : : 9.6 3% (22
Combined} I o 4 2.1 12 ¢13)-

-10 8 -6 -4 -2 0 2 4 6 8 10 12 14

Best fit u(ttH) = o /oy for my = 125 GeV

N. LlykepmaH, poccunckuim ATJTIAC
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Off-shell, H->WW and H->ZZ

E B —
EP - ATLAS I + 1o -
- 35 H-»ZZ+WW off-shell [ ]+2c -
= - pIaH eV VBRI SV e Expected limit (CLs)
o 30 — /s=8TeV: ILdt — 20.3 fb™! —— Observed limit (CLs) -
H B —
.§ o5 n ]
—l B -
O - -
32 20 =
15—
10

1 I | | | | 1 | 1 I | | | I 1 1 | | | 1 1 | | | | | | 1 |
006 08 1 12 14 16 18 o
RB _ K(gg—VV)
H = RlggoH SVV)

N. LlykepmaH, poccunckuim ATJTIAC
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‘ Heavy Higgs boson in H>ZZ

oy
2
N 10
/]\
L
&
vl
bD)
510"
E
>
10

I\|III1|IIII|ITII|IIII|\III|III1|IIII|IIII

- ATLAS — - Illl expected i
_ \s=8TeV,203fc" "~ llag+vvqq expected
- . - [Ivy expected

------ Combined expected

. B —e— Combined observed
I +fo
= [ 42

-*
1 IIIIIII|

-
.y,
-

ey
.......

-
-
- -,

- .

- B
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~ -
-------

I
©«
Q

m

H—-ZZ-ll+IIvw+llgg+vvgg

200 300 400 500 600 700 800 9001000

95% limit on 6,5 x BR(H—ZZ)[pb]
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—_
<
no

arXiv:1507.05930

- ATLAS — - 1lll expected i
_ \s=8TeV,20.31fb" - - - llgg+vvqq expected
g . - Jlvy expected

------ Combined expected
—e— Combined observed

I 1o
[ ]+2c

‘w,
-

.

......
i,
-
‘.
""""
-

-----

-
-----------

VBF
H—ZZ—=l+1Ivw+llgg+vvgg

200 300 400 500 600 700 800 9001000

my, [GeV] my, [GeV]
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‘ Higgs boson in ATLAS: measured spin and parity

arXiv:1506.05669,
accepted by EPJC

Details about each diboson channel tested

Tested Hypothesis Pap—1 P Pobe Pite Obs. CL, (%)
2T (kg = Ky) 0.13 7.5-1072 0.13 0.34 39
2T (kg = 0; pr < 300GeV) 4.3-107% | <3.1-107° | 0.16 | 2.9-10~% 3.5-1072
2+ (ky, = 0; pr < 125GeV) 9.4-102 5.6-102 0.23 0.20 26
2% (kg = 2Ky pr < 300GeV) | 9.1-107* | <3.1-107° | 0.16 | 8.6-10"* 0.10
2" (kg = 245 pT < 125GeV) 0.27 0.24 0.20 0.54 68
H— WW?* — evuv
Tested Hypothesis Pg)lfp,uzl pg)lfp!”:ﬁ pSM pait Obs. CLg (%)
0, 0.31 0.29 0.91 | 2.7-1072 29
0~ 6.4-1072 3.2.102 0.65 | 1.2.1072 3.5
27 (kg = Ky) 6.4-102 3.3-.1072 0.25 0.12 16
2% (kg = 0; pr < 300GeV) 1.5-1072 4.0-1073 0.55 | 3.0-1073 0.6
2T (rky = 0; pr < 125GeV) 5.6-1072 2.9.1072 0.42 | 4.4-1072 7.5
2% (k, = 2K,; pr < 300GeV) | 1.5-1072 4.0-10—3 0.52 | 3.0-1073 0.7
2% (kg = 2Kg; pT < 125GeV) | 4.4-1072 2.2.1072 0.69 | 7.0-1073 2.2
H— ZZ7% — 4¢
Tested Hypothesis Pg;lfp,pzl pg}l:p,p:g P pt Obs. CLgs (%)
0, 3.2-1072 5.2-1073 0.80 | 3.6-10~% 0.18
0~ 8.0-1073 3.6-10"% 0.88 | 1.2-10"° 1.0-1072
2% (kg = Ky) 3.3-1072 5.7-107% 0.91 | 3.6-107° 4.0-1072
2% (k, = 0; pr < 300GeV) 3.9-1072 9.0-1073 0.95 | 2.7-107° 5.4-1072
2% (kg = 0; pr < 125GeV) 4.6-102 1.1-1072 0.93 | 3.0-10—° 4.3-1072
2% (k, = 2Kr,; pT < 300GeV) | 4.6 -1072 1.1-1072 0.66 | 3.3-1073 0.97
2+ (k, = 2K,; pr < 125GeV) | 5.0-1072 1.3.1072 0.88 | 3.2-10~4 0.27

22.09.2015

W. LlykepmaH, poccurickmnin ATITAC
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High mass H>WW, ZZ in CMS

CMS o051 (7 TeV) + up to 19.7 o' (8 TeV)

3
210 g I 1 | 1 | T I T
bw F == Combined - - - Combined (exp. + 20)
B [ —— H > WW - 202v—H > WW - (vqq
5 10°F — Hozz o202y —HoZZ 540
— [ —— H 52ZZ > 202t
£ job——H-zz 20
1 -
O i
o~ 1
[p]
(@)]

—

|
—_

r

11 IIIIIII

10—2 P [ 4 [

1 1 1 I 1
200 400 600 800

m, [GeV]

1000

arXiv:1504.00936,
accepted by JHEP

M
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— Observed
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- -
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H->WW in VH-production mode in ATLAS
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ATLAS+CMS combination: constant modificators
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‘ H boson decay rates and couplings: ATLAS only
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