Higgs boson mass, width, CP and
anomalous couplings measurements at CMS
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Higgs is so peculiar
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https://cms.cern/news/life-higgs-boson

Higgs Boson Mass

® A free parameter in Standard Model

® Important ingredient in SM predictions

® Best measured with clean channels: 4/, yy

(e.g Higgs production/decay)

® Most precise measurement from CMS:
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Prospect for Higgs Mass Measurement in HL-LHC

® Projection based on Run 2 data analysis accounting some changes:
e much higher pileup
e significantly more granular energy corrections of ECAL due to enhanced statistics

e better resolution for 4 and higher acceptance for u/e due to new tracker
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Higgs Boson Width

® Predicted width in SM I'u: 4.07MeV

® Direct measurements : measuring Higgs lifetime or on-shell width.
mass resolution limited by detector resolution 1-2GeV.

~3%10-3eV<I'y<0.5-3GeV
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® Indirect measurement: measuring the signal Uoff—shell
strengths 1n on-shell and off-shell separately, and T /Tsy =
take their ratio: ZZ is the ideal channel
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Off-shell Higgs in ZZ channel

( Nature Phys. 18(2022)1329 )
e Difficulties for probing off-shell Higgs: Shmualon 13TeV
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Evidence for off-shell Higgs and Measured Width
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Higgs CP Structure

e Higgs is CP even scalar in SM: JPC=(*+

® Alternative spin/parity hypothesis excluded by > 99.9% CL at Run 1
with bosonic channels

® Strong theoretical motivation to search for CP-violating effects in
couplings of Higgs and fermions

CP-odd contribution for Higgs and bosons couplings largely suppressed

Probing process Scale of CP-odd contribution

Fermion Htt, Hrt O(1): tree level

LT LR IS Hzz Hww, Hzy, Hyy, Hgg O(1//N2)

A 1s the scale of BSM physics in effective field theory




Probe CP violation in Htt

+B) weighted events / bin

S

(

S/

® Lagrangian for 7 Yukawa coupling parameterized with

CPeven CPodd
m, ¥ _ 1 H R
Ly = ——H(k,TT + R, TivsT) tan(a ) ;
U T

® Use observable @cp to probe the effective mixing angle at

([ JHEPO06(2022)012 )
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Events

Data/pred.

Probe CP violation in ttH+tH

e Similarly, Lagrangian for top Yukawa coupling parameterized with

CP even

m ¥

t L
Ly = 71/%(7% + iysK ) P H

CP odd

&%, |?

B |Kt|2 T |Kt|2

sign (&, /x;)

e ttH+tH (multilepton channel): train BDT to separate CP-even and CP-odd

20SS + 01y, 20SS + 17, and 3¢ + 07y,

( arXiv:2208.02686, accepted by JHEP )
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HVV Anomalous Couplings

® Interaction amplitude of H and VV(ZZ, WW, Zy, yy and gg) are parameterized as:

A(HVV) ~

Define:

\'AY%

aq

Jai

Measure fai cos(Psi) by assuming a; > 0, cos(®Pq;) = +1 to probe HVV

VV » VV »
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Anomalous couplings, multiple analyses performed with on-shell Higgs events:

H—-tt, H—4l, H— yy

Coupling Discriminant
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Hgg Anomalous Couplings

® C(Constrain Hgg anomalous couplings by measuring ggH production

Hogr =1.1068x7 -+ 0.0082 — 0.1150x, + 2.5717%7 + 1.0298(127% ¢, ) + 2.3170(871°C,, )
+2.1357(1271% ¢4 )% — 0.1109(1277°¢y ) + 4.8821(87°C, ),

® Two EFT couplings: ® [Effective fractional XS for Hgg:
Cgg = — ! a3®, CP even
g8 27 u |agg |2 agg
g8 __ 3 S 3
g o—__1 s a3 B8 (2 1 (882 "8 | 8
88 27ng 37 CPodd 2 3 2
( arXiv:2205.05120, accepted by PRD )
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HVV Anomalous Couplings from Off-shell

HVYV anomalous
couplings introduce

distinct kinematics in K1”

off-shell region.
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off-shell events brings O(10%) ~ O(50%) improvement on limits
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Summary

- . e e e

e Higgs mass measurement: 125.38+0.14(0.11) GeV (yy + 4 Run 1 +2016)
e First evidence of off-shell Higgs production at LHC: 4/ +212v = 3.60
e Higgs width measurement: I, =3.2732 MeV

® (P violating eftfect probed in fermion sector, pure CP odd coupling
excluded > 30

® Stringent limits on HVV anomalous couplings.

® More precise measurement with Run 3 data. Stay tuned!
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® backup
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212v+41 combined results summary

1 —

( Nature Phys. 18(2022)1329 ’

Param.  Cond. Observed Expected
C.V. 68% | 95% CL 68% | 95% CL
poft pdft(w)  0.62  [0.17,1.3] | [0.0060,2.0] 2-107°,2.1] | < 3.0
uSft poft (u) 090 [0.31,1.8] | [0.051,2.9] 0.11,3.0] | < 4.5

off R =1 074 [0.36,1.3] | [0.13,1.8] (0.16,2.0] | [0.0086,2.7]

} RO (u) 062 [0.17,1.3] | [0.0061,2.0] [4-107>,2.1] | [1-1072,3.0]

[y, SM-ike 32  [1.5,5.6] | [0.53,8.5] 0.62,8.1] | [0.035,11.3]
Iy fp(u) 34  [16,57]][0.60,84 0.52,8.0] | [0.015,11.3]
Ty fa(w) 27 [1.3,4.8] (047,73 0.53,8.0] | [0.015,11.3]
My fa () 27 [1.3,4.8] ] [0.46,7.2] 0.55,8.1] | [0.019, 11.3]
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Hoftshell and Anomalous Couplings

ClMIIS T | T T T T | T T T T IS1| 3|8 |fb|-1 |(1l 3| Tlle|V)
| off-shell -
14: ugff Shell ]
1of T W /
10:— Observed — %’
2 8: Expected ) =
< i
Nl i _
1 6_ __
e S € \
95% C . % 05 1 15 2 25 3
— off-shell
“Neswc,/ =" . - He
0 1 2 3 4 5 0O 2 4 6 8 10 12 14 16 18
upff-shell
: 2AInL
b d E ted
Parameter Condition Observe xpecte
Best fit 68% CL 95% CL 68% CL 95% CL
SM-ike 32  [15,56] [0585] [0.6,81] [0.03,113]
ey @ 34 [16,57] [06,84] [0580] [0.02113]
" faw) 27 [13,48  [0573] [0580] [0.02,11.3]
faw 27 [13,48]  [0573] [0.681] [0.02,113]
( Nature Phys. 18(2022)1329 ’
£ xaes) = M 79 (66,225 [-32,514] [-78,70] [-359,311]
- Ty (u) 72 [2.7,216] [-38,503] [-82,73] [—413,364]
foixaes) = ISM 22 [-64,32] [-46,107] [-55,55] [—198,198]
“3 Ty () 24 [-62,33] [-46,110] [-58,58] [—225,225]
b o) e ISM 29 [-062,17] [-11,46] [-11,20] [—47,68]
M Ty (0) 31 [-056,18] [-10,47] [-11,21] [-48,75]
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Previous results on width measurement
_

e CMS: H->Z7Z—4l

on-shell: Run 1 + Run 2 (77.5fb"1)

PRD 99 (2019) 112003
off-shell: Run 2 (77.51b 1) %)

68% [95%]

5.1 fb" (7 TeV) + 19.7 fo' (8 TeV) + 77.5 fo' (13 TeV)

_I [ | T 1 | 1T 1 | | | T T 1 | T 1 | 1T 1 | I_I - — -
- CMS 1 Parameter Observed Expected
. — Observed , A +28 +5.0
| Expected Iy (MeV) 3.2%35 10.08, 9.16] 4.1739[0.0, 13.7]
ok — Observed, 2016+2017
--- Expected, 2016+2017
T
E L
:]l i Parameter Observed Expected
| . pofT—shell 0.78%0%3 [0.02, 2.28] 1.00%539 [0.0, 3.2]
e S 2t pgft-shell 0.861 )% [0.0, 2.7] 1.04}3 [0.0, 3.5]
’ pfT-shell 0.67%,2° [0.0, 3.6] 1.0%75 [0.0, 8.4]

4 6 8 10 12 14
T, (MeV)
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HVV anomalous coupling from on-shell

Parameter Scenario Observed Expected
fa3 Approach 1 best fit 0.00004 0.00000
fo=Ffa= ‘:: =0 68% CL '—0.00007, 0.00044] (—0.00081, 0.00081]
95% CL (—0.00055,0.00168] (—0.00412,0.00412]
Approach 1 ‘ best fit -0.00805 0.00000
CMS-HIG-19-009 \ float £, fars for 68% CL  [-0.02656,0.00034] ~0.00086, 0.00086)
95% CL —0.07191, 0.00990] (—0.00423, 0.00422]
Approach 2 best fit 0.00005 0.0000
float f,,, f; 68% CL (~0.00010, 0.00061] (-0.0012, 0.0012]
95% CL (—0.00072,0.00218] (~0.0057,0.0057)
fa2 Approach 1 best fit 0.00020 0.0000
foa=fa = f’\; =0 68% CL (—0.00010,0.00109] (-0.0012,0.0014]
95% CL '—0.00078, 0.00368] (—0.0075, 0.0073]
Approach 1 ‘ best fit -0.24679 0.0000
\ float f3, fars fl\’I 68% CL (—0.41087, —-0.15149] U [—0.00008, 0.00065] (—0.0017,0.0014]
95% CL (—0.66842, —0.08754] U [-0.00091, 0.00309] (—0.0082, 0.0073]
Approach 2 best fit -0.00002 0.0000
float f,3, fa 68% CL —0.00178,0.00103] (—0.0060, 0.0033]
95% CL —0.00694, 0.00536) (—0.0206, 0.0131]
fal Approach 1 best fit 0.00004 0.00000
faz = fur = fﬁ); =0 68% CL '=0.00002, 0.00022] (—0.00016, 0.00026
95% CL (—0.00014, 0.00060] (—0.00069, 0.00110]
Approach 1 . best fit 0.18629 0.00000
S float f .3, f a2, (’l 68% CL (—0.00002,0.00019] U [0.07631, 0.27515] (—0.00017, 0.00036]
95% CL '—0.00523,0.35567 (—0.00076, 0.00134]
Approach 2 best fit 0.00012 0.0000
float f.3, fa2 68% CL (—0.00021,0.00141] (-0.0013, 0.0030]
95% CL (—0.00184,0.00443] (-0.0056,0.0102]
s Approach 1 best fit -0.00001 0.0000
' fa=fa=fan=0 68% CL (—0.00099, 0.00057] (—0.0026, 0.0020]
) 95% CL '—0.00387,0.00301] (—0.0096, 0.0082]
Approach 1 best fit -0.02884 0.0000
float f3, fa2s fr 68% CL (—0.09000, —0.00534] U [-0.00068, 0.00078] (-0.0027, 0.0026)
95% CL (—0.29091, 0.03034] (—0.0099, 0.0096)
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HVV anomalous coupling from 41 on-shell + off-shell

TABLE VI. Summary of allowed 68% C.L. (central values with uncertainties) and 95% C.L. (in square brackets) intervals for the
anomalous coupling parameters f ,; cos(¢,;) obtained from the analysis of the combination of Run 1 (only on-shell) and Run 2 (on-shell
and off-shell) data sets. Three constraint scenarios are shown: using only on-shell events, using both on-shell and off-shell events with

the ', left unconstrained, or with the constraint I';; = T'$M.
Parameter Scenario Observed Expected
fazcos(¢a3) On-shell —0.00017J 0005 [-0.163,0.090] 0.0000* 0015 [—0.082,0.082]
Any I'y 0.0000* 00093 [—0.0165, 0.0087] 0.0000* 012 [-0.038,0.038]
g =" 0.00007 006 [—0.0067, 0.0050 0.00007 501 [—0.0098,0.0098]
fa2€08(¢a2) On-shell 0.000410505¢ [—0.0055, 0.0234 0.0000* %39 [-0.021,0.035
Any I'y 0.0004997° [—0.0035, 0.0147] 0.0000* 05017 [-0.015,0.021
Iy =T3" 0.0005 9 0006 [—0.0029,0.0129] 0.0000+3:%912 [~0.010,0.012]
farcos(@ar) On-shell 0.0002 29939 (—0.209, 0.089] 0.0000+3%12 [—0.059,0.032]
Any I'y 0.0001* 293> (~0.090, 0.059] 0.0000* 39013 [-0.017,0.019
Iy =IM 0.00017500°2 [—0.016, 0.068] o.oomfgﬁ-(‘,’{’x}g —0.015,0.018
i cos(¢par?) On-shell 0.00007 035> [-0.17,0.61] 0.0000* 0058 [—0.098,0.343

CMS-HIG-19-009
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What if I'y deviates from SM

4. Higgs boson width

( Nature of Higgs Boson) QHC, Li, Xu, Yu
/ \ 2107.08343
(Elementary scalar) (Composite scalar)

/

Scalar
mixing

xSM
2HDM
Triplet

\

Extended Scalar

Enhanced Invisible

\

Twin Higgs

Composite Higgs

Yukawa Decay
2HDM xSM
GM (Binv > 0}

Goldstone
Curvature

/

\4

FTHM
(Bin\' = 0}
MCHM

9+1
d+95

Special
fermion
assignent

MCHM
14 + 14

https://indico.ithep.ac.cn/event/14180/session/0/contribution/93/material/slides/0.pdf
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