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Introduction

@ Higgs boson discovered in 2012 by both CMS and ATLAS

19.7 " (8 TeV) + 5.1 fb (7 TeV)

@ Properties already measured with Run 1 % Sk S
dataset: :
— 5fblat /S =7TeV + 20 fb~!at
VS = 8TeV o
— coupling uncertainty order ~ 20 % R e e I
— statistically limited ‘““’h 1 Hdu Il :m; i
— agreement with SM predictions anf *nim;; u‘;“]:: :‘5“!:;0”:: H{u
e Improved precision with 2016 Run 2 i M (CeY)
dataset: 35.9 fb~! at /S = 13 TeV §7°7 o éi{iﬁ‘ ‘
— larger dataset %:Z: } =
— more precise theory predictions g =
— lower systematic uncertainty
@ Possible to spot BSM physics in
coupling precision measurements
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SM Higgs boson @ LHC

@ Production processes @ 13 TeV
— gluons fusion 87.3 %
— VBF 6.8 %
— VH (V=W/Z) 4.1 %
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@ Main decay modes

— ZZ — 7T
- 7Y

— WW —
— bb — Iy
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Signal Strength and k-framework

@ Define signal strength () as:
T F_ BR'
" (0i)sm "= (BRMsm
o k-factors: modifier of SM amplitudes — simplest parametrization
of deviations from SM

— assume same kinematics as SM
— possible different parametrizations to account for BSM contribution

oj =k o7 M= ki -z
2 _ SM 2 2 SMm k =1 — recover SM
G- ERME KT
J 1 — BRgsm
@ Parametrize p in terms of k . ki2 . k?
— probe different assumptions on relations Hi = klz-l

among k factors
@ ky account for change in total width

— treated either as independent parameter or combination of other k
factors
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Run 1 ATLAS-CMS combination results

https://doi.org/10.1007/JHEP08(2016) 045

@ ATLAS and CMS combined measurement with full Run 1
dataset (5 fb~1 @ 7 TeV and 20 fb~! @ 8 TeV)

@ Most constrained parametrization: pu scaling all production processes:

p=1.097010 = 1.171%07 (stat) T3 04 (exp. syst.) 003 (th. bkg syst.) T30t (th. sig. syst)

Consider a different 1 per production process and decay mode:

ATLAS and CMS = ATLASHCMS
HC Run 1 - ATLAS i i
L o f‘i 1F ATLAS and CMS
— ATLAS and WS RTASIS
Hogr - R e 4 LHC Run 1
L = arcus 5
™ —tlo | 1k 4
_ i : &> 10
Mo —— o —— T >
= == ¥
L ————— w e 102 E
oyl = o —— } ATLAS+CMS
— — ~we- SM Higgs boson
L L 100 99 |
[ —— « e — M. <]t
uH — M ——— [ 68% CL
r [JoswcL
u = o —— 10 ) J
Lol Ll bl TN AT TRAA 10* 1 10 0*
1705005 1 15 2 25 3 35 B R T e T T T T Particle mass [GeV]

Parameter value Parameter value

@ All measurements in agreement with SM predictions within the
uncertainties
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https://doi.org/10.1007/JHEP08(2016)045

CMS Run 2 measurements

CMS PAS HIG-17-031
@ 2016 LHC Run2 dataset: £ = 35.9 fb! at v/S = 13 TeV

o Combination of several analysis aiming at different production
processes and decay modes

ggF | VBF | VH | ttH

7 | vV v vV | vV

Yy 4 v vV | vV

WW | v v vV |V

bb 4 vV | vV

TT 4 v v
pr | vV |V

@ Sizable precision gain from larger dataset

@ Reduction of theory systematic uncertainty
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https://cds.cern.ch/record/2308127

Signal Stregth

@ Overall signal strength:

p=1177F
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+-0.06
—0.06
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o Consider different u for different production and decay modes

® pger ~ 30 % more .
precise than in Run 1 ’
ATLAS-CMS e
combination Ha

o iy ~ 50% more Fan
precise than in Run 1 My
ATLAS-CMS "

combination
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Coupling measurements: resolved loops

@ Measurements interpretated within the k-framework

@ Assume no BSM contributions in ggH and H— ~~ loops
— express loops in terms of SM coupling modifiers

@ Sensitive to relative sign of couplings

CMS Prelminary  Observed CMS Preliminary 35.9 b (13 Tev)
35.91b" (13 Tev) — 1o merval E>‘> A ) T ¢
L — 20 interval > w2
X
K, - - =
S 107
- ul
>
o - ol
X
L 1072
K, e --=-==- SM Higgs boson
— M. g fit
i 107
i
Kl — o
[J+20
[ 107E
[ — —_ 3 isgn : ; ;
L e 1
il _— g 05
T b . . .
Il L Il Il L L Il Il o -1 2
2-15-1-050 05 1 15 2 25 10 1 10 10
Parameter value Particle mass [GeV]

@ Precision on coupling ranging from ~ 10% to ~ 30% (kp)
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Coupling . effective loops

o Consider effective k-factors for ggH and H— ~ loops
— allow possible BSM contribution in the loops
@ Two models concerning BSM branching fractions:

— BRgsm = 0 (BSM contribution only in loops)
— BRj,, and BR,q left floating ( constraint: |kw|,|kz| < 1)

BRung: decays in final states not included in the combination

CMIS Prefiminary o Observed
CMS Preliminary @ Observed 35.91b7 (13 Tev) =10 interval
3597 (13 TeV) =10 interval - oo
= 20 mena kel — Fomenst
Kz — —— ™
L Kl —
Kl - K —
. 3 L
t - & ——
] —— Kyl ——
i, —— Kql ———
|Kg| e [yl ———
[ B, t—
Ikl . [
I T
-15 -1 -05 0 05 15 2 25 Bnger t——
Parameter value cobenbi o bbb el

0 0204 0608 1 12 1.4 1.6 1.8 2
Parameter value

e B, < 0.22 at 95% C.L.
@ In both cases agreement with SM
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Example of constraints on BSM theories

o Extended Higgs sector predicted by BSM theories — possible non
universality of Higgs boson couplings to up and down like
fermions

o \j = ki/kj U — -
@ Parametrize Higgs coupling
to fermions with different
k-factors for up and down

type fermions

vu

@ Consider different N  — -
modifiers for quarks (k) "
and leptons (k/) M +
o Measurements compatible ke I
with SM

TR Lt
2 -5 -1 05 0 05 15 2 25
Parameter val
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@ The CMS measurements of the Higgs boson couplings with the 2016
dataset, £ = 35.9 fb~1, in the combination of several production and
decay channels have been presented

@ The signal strength for either production channels or decay modes
have been measured
40.10

— overall total signal strength . = 1.177 7,

@ The Higgs boson couplings have been measured within the
k-framework under different assumptions

— Achieved ~ 10% precision on the best measured Higgs boson couplings
— Higgs boson branching ratio to invisible particles constrained < 22 %
at 95% CL

@ All the measurements are compatible within the uncertainties with
the SM predictions
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Additional Material
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Run 1 ATLAS-CMS combination: signal strength table

Decay channel | ATLAS+CMS | ATLAS CMS
e LR | 11 8E |11 R
(+0 18) (+u.25) (+0,23)
017 —024 —021
Production process | ATLAS+CMS ATLAS CMS 77 026 0.40 032
£ 1,03 +016 126102 | .84 018 # 1.29 1933 15213 | 1.04 T
HggF 03 1y 26 1y -84 7 0.23 0.32 030
" GE | D] e (16%) (55) | (%3)
-ou —018 -0z ww 1,09 +0.18 122 4023 | g +023
HVBE 1.18 +8 %g 1.21 +8gg 1.14 +g§z —0.16 —0.21 —0.21
=120 2 o 0.16 021 023
024 032 +036 (+o 15) (tn.zo) (to.zn)
0B 0% 034 T +0 24 +0.40 +0.30
Hwn 0.89 +040 1054056 | .46 +057 M 111 %07 141 73 0.88 Ty
0.38 —052 —053 +0 2 +037 +031
(1) | ()] (49 ).
20 ~05!
5 b +0.29 +0.37 +045
HzH 0.79 338 0301051 | 135405 " 0.70 Tg27 062755 | 0.81 7543
(+g.gz) <+0 55 (+u.55) (*8 gg) (*ggg) (*82)
.. —0.51 —0.51 e U
25 3.6 36
ettt 237197 1.9 0% 29749 it 01722 0.6 3¢ 0.9 3¢
(+o.5) (+o 7) (+0.9) (+2,4) (+3.5) (+3.3)
205 207 208 -23 -36 -32
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Run 1 ATLAS-CMS combination: couplings table

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CcMs
Measured | Expected uncertainty | Measured Measured
P isation ing |xy| < 1and By > 0
Kz 1.00 1.00 1.00
0.92,1.00] [~1.00,-0.89)U | [~0.97, ~0.94]U | [~1.00, ~0.84]U
0.89,1.00] 0.86,1.00] 0.90,1.00]
w 0.90 092 —0.84
[0.81,0.99] [~1.00,-090JU | [~0.88, ~0.84]U | [~1.00, ~0.71]U
0.89,1.00] 0.79,1.00] 0.76,0.98]
Parameter | ATLAS+CMS ATLAS+CMS ATLAS CcMs
N . Kt 1_43\023 +027 1_31\035 1_45\042
Measured | Expected uncertainty | Measured Measured 022 ~032 ~033 032
Kz 1.00 0.98 1.03 [z 0.87:012 o 097152 0791520
[~1.05,-086JU | [-1.00,-088]U | [~1.07,~0.83]U | [~1.11,-0.83]U 057018 019 061402 049102
[0.90,1.11) [0.90,1.10] [0.84,1.12) [0.87,1.19) o o i o
+ ; + ;
0.91+010 4010 0.91+012 0.92+014 081755 —0.14 0.947575 0.697573
w 1012 ~011 L 05 92 017 010 010 015 017
[1ey | 0901010 010 0871013 0.89+017
X 0874015 +015 0.98+021 0774020
t 0.15 0.18 020 0.18 0
Bt 0.00+016 4019 0.00+025 0.03+026
‘K ‘ 0. QOH) 14 +0.15 0. 99+l) 20 0. ng) 20 B
T 902016 014 997020 837021 Py P —
arameterisation assuming Bgsy = 0
K 067 0.64 071 Xz —0.98 1.01 ~0.99
[~073,~047)U |  [-1.24,-076]U | [~0.89,~0.33]U | [~0.91, —0.40]U [-108,-088)u | [-101,-087]U | [~1.09,—0:85)u | [-1.14, —0.84]u
[0.40,0.89) [0.74,1.24] [0.30,0.94] [0.35,1.04] 094,1.13] 089, 1.11] 057,1.15] 094,1.19]
Il 02+12 +09 0.0+14 05+14 087 092 084
Kw . X .
0.78,1.00] [~1.08,~090JU | [~0.94,~0.85]U | [~0.99, ~0.74]U
[0.88,1.11] [0.78,1.05] [0.71,1.01)
x 1407924 02 132793} 151793
Jice| 084103 018 0971535 0771538
[cs] 0494037 e 0.6140%¢ 047403
(o o ooxtls | o7
Il 057433 e 0810t 089141
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CMS Run 2 combination analysis

Producton and decay tags Expected tagged signal fracion N s solton
H — 77, Section 22
Trogged T T
VB S1.80% VB 3
Vi hadronic 0WH, 15% 21 1
P W leptonic i3t wH 2
ZHleptonic H 1
i 1
an s b
W 72 S ST
Untagged T 3
VBF 1 2jet 1147 vBE 6
VH hadronic 139 WH, 0% 7H 3
22/ 2e 8 ntonic ~46% WH 3
VH o ~senzit 3
w i 5
WO 0, Seclon T
gEH 0.1, 250t 55527 ggH, up o ~18% H 1 I
ele VBF 2-jet ~47% VBE, up to ~25% H — 17 2
-~ RgHO, et ~494% ggH o -
e Vet 20 VHL21% H - 70 1
o WH leptonic ~80% WH, up 0 19% H -+ 77 >
ZH leptonic 55.90% ZH, up o 14% H 75 >
Ho r, Secion??
et O g O WWinen T
e, VBF 35607 VIF, 27 H — WW in e i ~1020%
Boosted AR gy, 43% H ) WW in e i
VH production WIRH - Bb, SR T
Zoupb  ZHleptonic o 1
Wb WHleptonic <00 2 -
s Low V) 2 pronic 1008 ZEL ot whih 0 g2 2
: High pr(V) ZH leptonic 0% ZH, of which ~36% ggZH 2
Boosted H Producton with H — bb, Section7?
B =7 g 0 io%
4 production with H - leptons, Section 72
2o WW TR 15 ST o
3 WW e 2215401, 25 i
« WW e 2261111, 23 H 1
H—WW,Tr, 22 16427, 96% ttH with H — 7, 6% tH 1
2seiln, rWW 54, <% 2
atin, rWW 2z~ 1174, = i
W roduction Wi T  Bb, Secton 7
s jets ~83-97% tH with H - bb.
Hob e 65957 UM with H b, up Lo 20% H > WW 18
= 2Uets ~84.96% tH with H — bb 3
H= i, Section??
e BT EErTRETaT I %
Search for Invislble H decays, Section??
S20 VBE, 4% gl 1
o 0% g, 9% VB 1
VH hadronic 542 VI, 9% et 1
ZH leptonic ~100% ZH, of which 21% geZH i
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Run 2: signal strength table

Production process
ggH VBF WH ZH tH

Best fit ~ Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty
value Stat. Syst. | value  Stat. Syst.| value  Stat. Syst. | value Stat. Syst. | value  Stat. Syst.

+0.14 4008  +0.12 +030 +024 +0.17 +0.58  +0.46  +0.34 +044 4039 +0.20 +031  +0.16  +0.26
123 0.10 0.73 —0.27 2.18 —0.55 —0.32 0.87 —0.38 0.18 118

013 —0.08 023 015 045 042 —027  —016 021
+011y (+0.07) (+0.09 +029) (+0.24) (+0.16 +053) (+043) (+0.30 +042y (+0.38) (+0.19 +0.28Y (+0.16) (+0.23
(Coa1) (oo7) (Coos) (Fo27) (o23) (Cois Cozi) Com) o) (Foa0) (oz7) (Conp) (F025) (“036) (o)
Decay mode
H — bb H— 17 H— WW H— 772 H— yy

Best fit ~ Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty
value Stat.  Syst. value  Stat. Syst. value Stat. Syst. value  Stat. Syst. value  Stat. Syst.

1.12 +029  +019  +0.22 1.02 +026  +015  +021 1.28 +017  +0.09  +0.14 1.06 +0.19  +0.16  +0.10 1.20 +0.17  +0.12  +0.12

-028 -019 -020 -024 -015 019 —0.16 —0.09 —0.13 -017  -015 —0.08 -014 -011 —-0.09
+Uv28) (+0.19 +Uv21) +0.24 (+0.15) +0.19 (+0.14) (+Uv09) (+0.11) +0.18 (+0.15) +0.10 (+0.14) (AU.lO) (+0.09
0.27) 1 —0.18 0.20 023/ \ 0147 1017 —0.13 0.09/ 1 -0.10 —0.16/ \-0.14 0.08. —0.127 1 -0.10 0.07.
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Loops

Effective
Production Loops Interference scaling factor Resolved scaling factor
o(ggH) v b—t x2 1.04 - k2 +0.002 - k2 — 0.038 - KKy,
c(VBF) - - 0.73 - k3, +0.27 - k%
o(WH) - - K2
o(qq/qg — ZH) - - "
o(gg — ZH) v Z—t 2.46 - 1% + 047 - k2 — 1.94 - k7K
o(ttH) - - K2
o(gb — WtH) - Wt 291 - k2 +2.40 - 12, — 4.22 - KeKyy
o(gb — tHq) - Wt 2.63 - k% +3.58 - k3, — 5.21 - Ky
o(bbH) - - K2
Partial decay width
72 _ _ 12
rWW _ _ K\ZN
I v W—t 2 1.59 - k3 +0.07 - k2 — 0.67 - ki
T _ _ K'Zr
rbb - - K2
e - - K2

Total width for BRggy = 0

0.58 - k2 +0.22 - 1y + 0.08 - 2+

Tn v - K% +0.06 - 2 4 0.026 - k% + 0.029 - K2+
+0.0023 - k3 + 0.0015 - &3, +
+0.00025 - k2 + 0.00022 - iz
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CMS Run 2 resolved loops: couplings table

Parameter
Kw Kz Kt Kp Kr Ky
Best fit ~ Uncertaint Best fit  Uncertaint; Best fit ~ Uncertaint Best fit Uncertaint; Best fit ~ Uncertaint Best fit  Uncertain
y y y y

value Stat. Syst. | value  Stat. Syst. | value  Stat. Syst. value Stat. Syst. | value  Stat. Syst. | value  Stat. Syst.
F012 008 +0.09 011 +0.09  +0.07 012 +0.08  +0.09 $033 4029 4015 F016 011 +0.12 +050  +049  +40.11
109 Zoi7 Zots —ooa |999 Tonz Tt o7 [L11 Zomi Zoor oos |110 Zons Zo¥ Zorz (101 Doz Zo1z oo 082 Zow Zok Cowo
+0.11) (+0.08) (+0.06 +011y (+0.09) (+0.06 011y (+0.07Y (+0.09 +0.23) (+0.16) (+016 017y (+0.12Y (+0.12 +045) (+0.44 (+0.07
(a10) Coos) Coos) (o) Cooe) Coge) (o12) (oos) (o) (F022) (1) (Fgg) (o18) Corg) Coay) Cro) () (o))
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CMS Run 2 effective loops: couplings table

BRip, = 0 BRine > 0,y < 1
Uncertainty Uncertainty
Parameter Best fit Stat. Syst.  Parameter Best fit Stat. Syst.
+011 +0.06 +0.09 +0.07 +0.05
5 099 Zom —0.06 x5 089 Zo0g ~007 —0.04
Z (o011 (+006) Z (1000 (+000)
~011 —0.06 ~011 —0.09
+0.13 +0.08 +0.00 +0.00
" 112 Toq9 —0.07 * 1.00 Zg05 —0.04
w (012 (007 W (1000 (+000)
012 ~0.07 012 ~0.09
+0.14 +0.12 +017 +0.09
Ke 1.09 Zony —012 " 112 To16 —0.09
(014 (1012 t (F018y (1013
015 012 015 ~0.09
+017 +0.12 +0.13 +0.08
P 101 Topg —0.09 " 091 %3 —0.08
T (+01e (o1 T (H014) (1009
015 011 015 011
+027 +0.19 +0.19 +0.12
" 110 To33 —0.14 x 091 Ty —011
b (1028 (019 (017 b (F018y  (+013y
023 ~017 ~015 ~023 ~017
+0.15 +0.10 +011 +0.18 +0.11
X 114 Zo53 —0.09 —0.09 X 117 Zona —0.10
8 (014 (F010y (010 g (017 (+013)
~012 ~0.09 ~0.09 ~012 ~0.09
+0.15 +0.10 +011 +0.09 +0.06
x 107 Zo18 —017 —0.07 x 0.96 Zo0g —0.06
v (ro12 (+o10 (+0,07) v (108 (+o07y
~012 ~0.10 ~0.07 ~012 ~0.09
+0.09 +0.03
BR 0.04 oo —0.03
nv. (1008y  (+004y
+0.00 ~0.00
+0.09 +0.08
BR 0.00 000 0.00
undet. (F020y (4017
+0.00 ~0.00
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Additional coupling parametrization

@ Relate masses of particles to the relative k factors through M and e:
ke = v m§/MITe ky, = v m2¢/M1+2e

with v = 246.22 GeV is the SM Higgs boson vacuum expectation

value
(M,e) = (v,0) — recover SM
CMS Preliminary 35.9 bl (13 TeV)
T T T T T
0.1~ e R 1
of- * A
-0.05 q
-0.1- q
D]alegmn---zcvegmn + Bestit K SMexpected
| | | | |
200 210 220 230 240 250 260
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CMS Run 2 Constraint on Higgs boson width

@ Reinterpratete effective coupling parametrization to contraint Fﬂv’:

MH KH

r?M 1 — (BRund + BRinv)

35.9 fb™ (13 TeV)
T ]

T
CMS

Preliminary

— Observed
£ ----- SM Expected

O p N W N O D N ® © O
T
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