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Motivation |

10 years studying the Higgs boson J¢ studies:
Run 1 = LHC data compatible with an SM H(125) of spin 0 and even CP » Coupling to bosons
Run 2 = Precision era for Higgs physics + > Coupling to fermions
Leptons

CP is a property of the interaction

&

Matter asymmetry

Photon Gluons CP-violating baryon-generating interaction

Search for Higgs Anomalous Couplings (AC) to bosons and fermions




Higgs AC to bosons | HVV parametrization

VV 2
AHVV) ~ |ay” (qll\jv,? Q2 My €169 +
L 1 e
—> [f VV=WW, 727, Zy - Tree-level SM
AC approach SMEFT approach
aifl=aWW SU(2) X U(1)
4 anomalous couplings: ait zaWW

a, (CP) 3 anomalous couplings:
a3 (CP) a, (CP)
a, (CP) az {GP)
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If VV=g¢o > 1 AC: a3 (EF)

a;/Vf*(l)f*(Z)u,u

a;’/Vf*(l) f*(2);u/

— If VV= gg = 1-loop SM

1. Amplitude parametrization can be

related to the Higgs basis EFT.
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2. Cross-section fraction:
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Higgs AC to fermions | Hff parametrization

SM-like <

K¢

AC approach/SMEFT approach

1 Anomalous coupling:

kf:GP

k;and &; are Yukawa coupling strength modifiers related to the mixing angle a®// = tan™? (

+ iK¢ys) Py

Anomalous contribution

Cross-section fraction:
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Higgs couplings analyses with the CMS experiment |

Since 2021:
onturs | oo | e | o | m
HIG-19-009 on-Shell H > ZZ HVV, Hgg, Htt [Htt] H>yy (HIG-19-013) PRD 104 (2021) 052004
HIG-21-013 off-Shell H > 77 HVV on-Shell H>ZZ NP (2022) 01682
HI1G-20-007 H-> 1t HVV, Hgg, Htt on-Shell H>Z7Z + H>yy arXiv:2205.05120 (PRD)
HIG-21-006 ttH and tH Htt on-Shell H>ZZ + H>yy arXiv:2208.02686 (sub)

HIG-20-006 H->tt Htt - JHEP 06 (2022) 012



http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1038/s41567-022-01682-0
http://arxiv.org/abs/2205.05120
http://arxiv.org/abs/2208.02686
http://dx.doi.org/10.1007/JHEP06(2022)012

Higgs couplings analyses with the CMS experiment |

Since 2021:
onturs | ot | o | oo |
HIG-19-009 on-Shell H > ZZ HWV, Hgg, Htt [Htt] H>yy (HIG-19-013) PRD 104 (2021) 052004
HIG-21-013 off-Shell H > ZZ HVV on-Shell H>ZZ NP (2022) 01682
HIG-20-007 H-> 11 HVV, Hgg, Htt on-Shell H>ZZ + H>yy arXiv:2205.05120 (PRD)
HIG-21-006 ttH and tH Htt on-Shell H>ZZ + H>yy arXiv:2208.02686 (sub)
HIG-20-006 H->tt Htt - JHEP 06 (2022) 012

"Constraints on anomalous Higgs boson couplings to vector
bosons and fermions in its production and decay using the
four-lepton final state”


http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1038/s41567-022-01682-0
http://arxiv.org/abs/2205.05120
http://arxiv.org/abs/2208.02686
http://dx.doi.org/10.1007/JHEP06(2022)012

Channels: 4¢ (4e, 4u, 2e2u)

, CMS 137 o' (13 TeV)
Productions: ggH, VBF, VH, ttH. T L
- * data ggH SM Hgg,H—4l |
Dedicated measurements (detector-level) i |
[zzizy goH _ et
« Exploit full production and decay kinematic information with [ . il ggH T3 =1 VBF-2jet _
MELA-based discriminants. _% 10+ .ZX . H other Dy>0-2
S~ ~ _
P (Q) o L More More |
D, (Q) = s ( "GE) . BSM-like SM-like | |
) 7Dsig (Q) + Pait (Q) IJ>J - .
5 P S—
. (0O i
Dy () = — (D - —
2 \/Psig (Q) 7Dal’c (Q)

Multi-dimensional analysis: % 0.2 04 06 08 1

 Several parameters are simultaneously extracted.

DQQH




H->ZZ Results | HVV (Ac approach)

CMS 137 fo™' (13 TeV)
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* Fix: Other couplings are fixed to the SM expectation.

* Float: Other couplings are profiled in the fit
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VBF & VH & H > 4¢

fa,, and fa, 1% scans are also available

Notice we can also perform fas, fa,,

and fa, scans in the SMEFT approach
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H->ZZ Results | HVV (SMEFT approach)

HVV parametrization can be related to the

EFT couplings using the Higgs basis.

+ Results on Warsaw Basis
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Higgs couplings analyses with the CMS experiment |

Since 2021:

HIG-19-009

HIG-21-013

HIG-20-007

HIG-21-006

HIG-20-006

on-Shell H > ZZ HVV, Hgg, Htt [Htt] H>yy (HIG-19-013)
off-Shell H > Z2Z HVV on-Shell H>ZZ
H-> 11 HVV, Hgg, Htt on-Shell H>ZZ + H>yy
ttH and tH Htt on-Shell H>Z7Z + H>yy
H->tt Htt -

"Measurement of the Higgs boson width and evidence of its
off-shell contributions to ZZ production”

PRD 104 (2021) 052004

NP (2022) 01682

arXiv:2205.05120 (PRD)

arXiv:2208.02686 (sub)

JHEP 06 (2022) 012
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http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1038/s41567-022-01682-0
http://arxiv.org/abs/2205.05120
http://arxiv.org/abs/2208.02686
http://dx.doi.org/10.1007/JHEP06(2022)012

Channels: 2£2v/4¢
Productions: ggH, VBF, VH.

mz line shape is sensitive to the presence of anomalous HVV

» Could affect the measurement of I'yigs

o-off-SheII oC o—on-SheII ['H

199s

242v 2 m%4>300 GeV

4¢ events - MELA DVBF,- Sensitive to AC HVV.

Combined with:
Run 2 On-Shell 4¢ - PRD 104 (2021) 052004

(2016-2017) Off-Shell 4¢ > Phys. Rev. D 99, 112003 (2019)

2015 On-Shell 4¢ - Phys. Lett. B 775 (2017) 1

Events / 0.001

1
Best fit

CMS <138 fb' (13 TeV)

¢ Observed 212v+4|
$ Observed 4l

----------- No off-shell
| Bestfit, 212v component
 Bestfit, 4l component

Best fit I' ;- 3.2 MeV

|||||||||||||||||||
-------------------------

i

Evidence for off-shell production

N

|||||||||||
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e

11
Npo oft-shell ! (Nno oft-shett + Noest fit)


http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1016/j.physletb.2017.10.021
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Off-Shell H—> 72 analysis Results I Combination with on-Shell H>ZZ
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Higgs couplings analyses with the CMS experiment |

Since 2021:

HIG-19-009

HIG-21-013

HI1G-20-007

HIG-21-006

HIG-20-006

on-Shell H > ZZ HVV, Hgg, Htt [Htt] H>yy (HIG-19-013)
off-Shell H > ZZ HVV on-Shell H>ZZ
H- tt HWV, Hgg, Htt on-Shell H>ZZ + H>yy
ttH and tH Htt on-Shell H>Z7Z + H>yy
H->tt Htt -

"Constraints on anomalous Higgs boson couplings to vector
bosons and fermions from the production of Higgs bosons
using the 7 final state”

PRD 104 (2021) 052004

NP (2022) 01682

arXiv:2205.05120 (PRD)

arXiv:2208.02686 (sub)

JHEP 06 (2022) 012
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http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1038/s41567-022-01682-0
http://arxiv.org/abs/2205.05120
http://arxiv.org/abs/2208.02686
http://dx.doi.org/10.1007/JHEP06(2022)012

Events / Bin

Channels: 7,1y, , uty,, ety , ey

VBF production analysis 2> HVV

CMS 138 fb™ (13 TeV) CMS

ggH production analysis 2 Hgg

138 " (13 TeV) CMS 138 fo' (13 TeV)

1 1 1 T
VBF Category —— Observation
7T —— ggH SM H (125)x50
e —— ggH PS H (125)x50
[ ] vt bkg.
[ Jjet—>t, mis-ID
I Other
[ Uncertainty

VBF Category
ThTh

Events / Bin

—@— Observation

= ggH SM H (125)x50
—— VBF SM H (125)x50
[ ]t bkg.

[ ] jet—t, mis-ID
[ Other

[ Uncertainty

VBF Category —@— Observation
l"lT —— ggH SM H (125)x50
h —— VBF SM H (125)x50
[ ] vt bke.
[ ] jet—t, mis-ID
[ Other
[" Uncertainty

Events / Bin

.

0.8 ggH1
D,.

1
VBF
D2jet

Combined to construct 2D and 3D kinematic discriminants
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H->1t7 Results | HVV combining with H>ZZ (4¢)

HVV vertex

CMS 138 1™ (13 TeV)
20 N\ Approach 1, wt+ 4l
18 —— Observed N
16f— ------ Expected _
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8 .
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fa,, fay and fa &
also constrained (in backup)
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Hgg vertex
‘ + Combination wih H>tt 1

CMS 137 b (13 TeV) CMS 138 b (13 TeV)
L o e e e e e e L B e ¢ 10:|ll|l|l|ll||lll|ll|||l||l|l|ll|||ll|l|l:
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The pure CP-odd scenario of the Higgs boson coupling to

gluons is excluded at 2.4¢
15
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H->tt Results | Hff combining with H>ZZ (4¢) + ttH (2y)

9 o,

H loop is dominated by the top quark

----- H
gds
-1

e M . 1. CMS 138 fo' (13 TeV) CMS 138 b (13 TeV)
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The combination improves the limits on the anomalous coupling parameters typically by about 20-50% 15



Higgs couplings analyses with the CMS experiment |

Since 2021:
ontas | oot | v | o | w
HIG-19-009 on-Shell H > ZZ HVV, Hgg, Htt [Htt] H>yy (HIG-19-013) PRD 104 (2021) 052004
HIG-21-013 off-Shell H > ZZ HVV on-Shell H>ZZ NP (2022) 01682
HIG-20-007 H->tr HVV, Hgg, Htt on-Shell H>ZZ + H>yy arXiv:2205.05120 (PRD)
HIG-21-006 ttH and tH Htt on-Shell H>ZZ + H>yy arXiv:2208.02686 (sub)
HIG-20-006 H->tt Htt - JHEP 06 (2022) 012

“Search for CP violation in ttH and tH production in multilepton

channels in proton-proton collisions at y/s = 13 TeV”
17


http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1038/s41567-022-01682-0
http://arxiv.org/abs/2205.05120
http://arxiv.org/abs/2208.02686
http://dx.doi.org/10.1007/JHEP06(2022)012

ttH & tH | Hit

Channels: HWW/Hzzt
Productions: ttH & tH

Machine learning techniques:

« BDT S myy, AR, A
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The ttH node in 2Iss + 1t category

Events with less than 2-btagged jets s



ttH & tH Results | Htt

|1Et|= 0 (SM expectation)

_ CMS 138 b (13 TeV
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Higgs couplings analyses with the CMS experiment |

Since 2021:

HIG-19-009

HIG-21-013

HIG-20-007

HIG-21-006

HI1G-20-006

on-Shell H > 77 HVV, Hgg, Htt [Htt] H>yy (HIG-19-013)
off-Shell H > ZZ HVV on-Shell H>ZZ
H-> 11 HVV, Hgg, Htt on-Shell H>ZZ + H>yy
ttH and tH Htt on-Shell H>Z7Z + H>yy
H>t Htt S

“Analysis of the CP structure of the Yukawa coupling
between the Higgs boson and t leptons in proton-proton
collisions at /s = 13 TeV”

PRD 104 (2021) 052004

NP (2022) 01682

arXiv:2205.05120 (PRD)

arXiv:2208.02686 (sub)

JHEP 06 (2022) 012

20


http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1038/s41567-022-01682-0
http://arxiv.org/abs/2205.05120
http://arxiv.org/abs/2208.02686
http://dx.doi.org/10.1007/JHEP06(2022)012

Channels: 7,1y, , 7,7, ToTh

Productions: ggH, VBF, VH

Angular correlation between the decay planes of 7 leptons

« MVA scores CMS err 137 b~ (13 TeV)
ﬂ 3 1 1 1 I 1 1 1 I 1 1 1 I 1 ] 1 I 1 1 1 I 1 1 1
. distribut £ 10° E 033,045 : (0.45, 0.6) : (0.6,07) : (0.7,0.8) : (0.8,0.9) : (0.9,1.0) I Obseived
¢CP Istrioutions 9 ' i i i BestfitH — 77
102 i : : B 7 bkg
i 0 Others
I Bl Jet — 1,
101 Bkg. unc.
PSH — 171
— BestfitH — 771
10°
30
%0 § 20
L 10
8F o

_1 L1 1 L1 1
2 8 16 24

Cyclic bins in ¢cp (0, 360°) Bin number
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Higgs coupling to tau leptons |

Kt
aflff = tan™? (—)

~

, CMs 137 b1 (13 TeV)
B 1 1 1 I 1 1 1 I 1 1 I l 1 1 I
C —— Observed: &7 = —1+19°(68.3% CL)
ok ~=- Expected: 277 = 0421 °(68.3% CL)
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90

degrees)

The data disfavour the pure CP-

odd scenario at 3.00
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Kt

Observed (expected) at™ = -1+£19 (0£21) at the 68.3% CL
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Conclusions |

« JCP studies in Higgs couplings to both fermions and bosons are important to determine its nature.
« The most stringent limits on CP violation and Higgs AC by the CMS experiment have been presented.
Growing field with many recent updates including new interpretations, and plenty more results to come in the future
 The leading uncertainty is statistical = the precision will increase with the accumulation of more collision data.

« Additional Run 2 AC analyses are still to be released soon.

HIGGS 2022 PISA LOURDES URDA (CIEMAT) on behalf of the CMS Collaboration 23
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Higgs AC to fermions | Mixing angle

k;and &; are Yukawa coupling strength modifiers related to the mixing angle a”// = tan™! (
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Effective Field Theory |

Direct searches at the LHC find no new particles

Suggests an energy gap between SM and BSM motivating the use of EFT.

_(6) (6
Lepr = Lsy +Zici( : Oi()

01(5)9 violate lepton number
01(7)9 violate lepton or baryon number
01(8)9 Suppressed by 1/ A* - Typically neglected

Particles with m << A = Operators (0;) obey SM symmetries. EFT only valid at

Effects of new physics mapped onto 056) - contribution scale as (E/A)? E<4

c‘i(6) (Wilson coefficient) = strength of the new interactions 26



Measurement of Higgs couplings |

Dedicated measurements (detector-level)

Dedicated discriminants and full simulation of Signal PDFs.

Exploit full production and decay kinematic information

with ME or ML-based discriminants.

Sensitive to higher dimensional operators in the EFT

v" Can target production mode, Higgs coupling and

interference.
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H-> 77 analysis | Discriminants

CMS VBF high-mjj boosted, 7.1, 138 fb' (13 TeV)
.E ----------- ! ----------- ! ---------- ! ''''''''''' ! -----------
0 50 < m, <80 GeV :+  80<m,<100GeV = 100<m;<115GeV = 115<m;<150GeV = 150 <m, <200 GeV
~ - - - -
210 B : :
= : = :
) - -
>
w 10
1
10™
- -e-e'r-—-—-T—-r-—Tr O TrooreeTTerTTTTT : ----------- : ---------- ; ------------------
u% T s el e e A S AR R R R e e * ---------- asmmsmssmmefesetaaanenan sy annsmaneame dnmon besfuame
~ 1 +i’-l-’-l-+-l-+-l-*-l--l--i+-I-+t’-l-‘;’-l-’-b+-l--l---l--l-+~l+l-*¢‘-l-"‘E’*l’"|'ii‘+'|+l' '|'+'I- - -I---|-+.|. E
%] - t 4 A { } 0
a g e e b B B s e T R T A T R R R o L e (e Pl e et BT [P Attt T
3 AN I SR N R L P SR S F S S
9 1 1 1 -1I2 24 36
-32 -16 0 i 32 i
A0 Bin number

—4— Observation
B H—>1t (Best fit)
1T bkg.

jet—1,_mis-ID

[] other

Uncertainty
— ggH—1T (f:§H=O)
— ggH—TT (f:gH=1 )
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H-> 7t analysis | Constraints

Approach  Parameter Observed/(1073) Expected/(1073)
68%CL  95%CL 68% CL 95% CL
fa3 0207326 [-0.01,0.88] 0.00+0.05 [-0.21,0.21]
+0.8 _ +05 _
Approachi fa2 0'7_0'304 [—1.0,2.5] O'O_%‘il [—1.1,1.2]
fa —0.0470%  [-0.22,0.16]  0.00*311  [-0.11,0.38]
o 07t [-27,41]  00%19 [—2.6,2.5]
Approach 2 fu 0.28103%  [-0.01,1.28] 0.00+0.08 [—0.30,0.30]
Parameter Observed Expected
68% CL 95% CL 68% CL 95% CL
H
g 0.071935 [-0.15,0.89] 0.00 4 0.26 -
Hitt
op 0.03t92% [-0.07,0.51] 0.00+0.12 [—0.49,0.49]
Parameter Scenario 68% CL /(1072) 95% CL /(1072)
bserved —0.117020 U[-1.85, —1.42] [-2.12,—1. —0.71,0.
oy Profiled Observe 0 6%6 U[—1.85, ] ,—1.35] U [—0.71,0.36]
Expected  0.00775; U[—1.91, —1.48] [—2.23,0.37]
. bserved 00+1.2 ~1.79,1.7
e Profiled Observe 0.00 9 [ 9,1.79]
Expected 0.00 +1.15 [—1.78,1.78]
. Fieq OPserved —0.081097 U[—1.65,—1.54] [—1.71,—1.54] U [—0.59,0.05]
&8 Expected  0.0079% U[—1.73, —1.50] [—1.78,0.12]
+0.28 | \T__ .
Egg Fixed Observed 0.227555 U[—0.50,0.00] [—0.74,0.75] o
Expected 0.00 + 0.45 [—0.87,0.87]




Higgs AC to bosons | Lagrangian

VWV 2 . L VV.2
K g7 T K q3

Ky (q1 + ¢2)*

1
A(HVV;) = o {M%,l (.(/YV * (AYV)Z

- 2.(151‘/(51 . 512)(52 ' Cll) - 2.(1}1/‘/58182‘11@ }

(AEV)Z

q
2 < 2
M"]

29y - q» vv> (e

'6‘2)

“The parametrization of the amplitude can be related to a fundamental Lagrange density function

using the Higgs basis which is based on an effective field theory expansiéon up to dimension six. The

relevant SU(3) X SU(2) X U(1) invariant Lagrangian for H boson interactions with gauge bosons"

7+ ¢*

h (& +g%)?°
Ehvv = ; (1 + 56‘2) 4 4

A 2
+ (1 +5cw)'qu"WjW; 4 cww%

eV g+ d¢* e g+ d*
2 2
€2 2 2

B gs 5
T Cpy ZA/WA#D T Cpy ZAWA#D 5 ngZGZv Gy + Cyg

+ ¢y ZywAw + Cy

ZyZ# ‘+‘ CZZ el yuZyu + Czl:].qzz;lalxz/w + E‘ZZ

Wi Wa, + cng2(W;8,,W;;, +H.c.) + ¢,

4

7

2

ZyuA/w 53 CyD.(/.(//ZyayAyu

(]% a [a
ZG#VG#D ;

F+4%.,

74

wZ

U

+ Y 7—
W W
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Higgs AC to bosons | Lagrangian

1 KV qr +xyqy Ky (g1 +92)*  2q1-q
el S {MZVI (‘”W e tage g, ¢ )@
1

- 2.(15/‘/(81 . Clz)(ﬁ'z ' ‘21) - 2-(]-’-‘1/‘183132‘]1‘]2 }

“The generality of the amplitude parametrization allows to uniquely represent each EFT coefficient in the
Lagrangian by an anomalous coupling limiting our couplings to real-valued numbers"

2 2 1) z 22
Z i 1 Z (32 J2 Z 62 (AIZZ)z 2 62 Ya
2 20 WW 2
P lqu - B = il ok i T My sy K 5 28, W
w 9 1 ww e 2 w o2 (AVW)z ww o2 - 4
2
. o O qu 5 2 qu P SwCw M7 2
zy 2 - 2 44 o2 4 y 2 (Alzy)z 5
SH— ' (e S YY . q - o g
C o __' ’ C e __-q ? C SR __gg . C —— __.(]g =
e - S - Y
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Basis of dimension 6 operators |

_(6) (6
Lepr = Lgy +Zici( ) Oi()

((_ Dig’oson ﬂ opiEN j

(C'H \ CH
- CHW’B CHD Cll. () t

CHB C He CS z) CS l) Ci(j CtW
an Cf;) C}}) CH CHd CHQ CtB
oo | | (22 T) ) e
c. k EWPO J
Cou G Cclgj C?g: C?zu ng
CTH C tG Cf d _Cf u qu
C“H tt 1

N\ Higgs =

Warsaw basis
Popular SMEFT basis in the theoretical community

Higgs basis

Experimentally convenient to express EFT in terms of

mass eigenstates after EWSB

Related to Warsaw basis through linear transformations
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H->ZZ Results | HVV (SMEFT approach - Warsaw basis)

TABLE IX. Summary of constraints on the HVV coupling
parameters in the Warsaw basis of SMEFT. For each coupling
constraint reported, three other independent operators are left
unconstrained, where only one of the three operators cgw, crwg.,
and cyp is independent, and only one of ¢y, Cyg, and cyg 18

independent.

HVV parametrization can be related to the Channels Coupling Observed  Expected
EFT couplings using the Warsaw basis. VBF & VH & H — 4¢ CHO 0.04104:  0.0070%3
Cup —0.73937  0.0011%

Caw 0.013%18  0.00£937

CHWB 0.011020  0.001052

Chp 0.00150s  0.00700%

cuw  —0231031 0,007l

CHWB -0.251037  0.00%;%

e 006731 000703
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CMS analysis from Run 1|

LHC Run 1 = Couplings to EW bosons

“Constraints on the spin-parity and anomalous HVV couplings of the Higgs boson in proton collisions at 7 and 8 TeV”

CcMS 19.7 o™ (8 TeV) + 5.1 fb™ (7 TeV)

777

vV VV
~ fa cos(¢)

///
/7

- 3
/.Exclud d at 95% CL : !

cted at 95% CL ' HZZ+HWW (@™ = a
- ted t 68% CL ' :

///

x\w-\\\\\\\

~ N

\\\\\\\w%x\\

AWV Qv Ww:A

a;*0;
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