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Searching for New Physics? CMS
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So far no evidence of New Physics at the LHC R S ==
_ . 10 1 10 102
— NP at energies reachable by the LHC — direct searches for BSM Particle mass (GeV)

— NP at energies beyond LHC — indirect searches for NP — EFT (“model-independent”), ...

Look for the smallest deviations with the highest available precision!
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SM Effective Field Theory (SMEFT) CMS

Operator Definition Wilson Operator Definition Wilson lepton number violation
coefficient coefficient s (6) 4
oy H'D Hq 7'q, o) Onwe HIoHWL B e P — A 2 0—6(6) +
. SMEFT SM A2
o5 iH'e"'D Ha o"vqy ) O HY'e"HW? B o ap P/
R allowed, but neglected (1/A%)
O iH" D pHigy ug CHu Onw (H'H) ngwaﬂw CHw
. — - ——auv
Ouq iH'D Hdpy"dy  cuq O HH)WL,W™ i ) o (C;@) ) c® §6) ( © 6
+ 2R ( ) AN +Y Lt oRe (A A )
Oup (H'D*H)*(H'D,H)  cup Oug (H'H)B,,B"  cyp = sul Z A" Asm Z A4 ; A4 Lo
Onn (H'H)O(HH) cHO Ous (H'H)B,B" ¢
4 7 1 v 1 v 1 2
Ly = _4GquA“ — W W = 2B B + (D) (D) + m*plo — —X (')
+ i (IPl+ ePe + qPq + upu + dPd) — (IT.ep + g Laup + gLadp + hec.) >
SMEFT
- - : Fermi theory is an example of an EFT
— Theoretically consistent and model-independent approach y P

— Operator expansion typically truncated at dim(6)
— 2499 operators are possible — reduced to ~100 depending on the assumptions (flavour)

— Choice of operators depends on the process / an operator is not unique to a process
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CMS-PAS-HIG-23-016 CMS
VH(bb) EFT

b
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— EFT effects simulated for the signal

— Optimal observables

Y

— Boosted information tree — separation of EFT effects from
the SM signal and background

— Measurement in three decay channels
(0 or 2 charged leptons (Z) and 1 charged lepton (W)

@ InVhCoM
OPlaneof V-l @ Inllcom

— resolved + boosted b quark jets (below and above 250 GeV)
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CMS-PAS-HIG-23-016 CMS.

VH(bb) EFT

Operator Definition Wilson Operator Definition Wilson s
coefficient coefficient
iH"'D Hg, 7" /0 HY " HW*, B cp
QLT qr HWB % -even
. A= =
iH'e* D' ,Hg, 0"v"q; W H'o "HwaBW W CP-odd

RS g
iH" D Higy'ug (H™H) Wj, W

Vv

PR = o=ap
iH" D' Hdgy¥dy = (H™H) Wi, W
(H'D¥H)*(H'D,H) (H™H) B, B"

(H'H)O(H'H) . (H'H)B,,B"
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_ _ Y — GV 2. 420 _
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VH(bb) EFT

CMS simulation Preliminary

138 fb~! (13 TeV)
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— SMVH (x20) |

— Boosted Information Tree (BIT) templates
— Optimal at a single point in the Wilson coefficient space — not optimal elsewhere

BIT score

CMS-PAS-HIG-23-016

CMS

eV)

o500 CMS

[ Preliminary

2000 [ 2-lepton (e)
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4153 (13 T
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B Z+udsg It
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[ JVV+HF [ ggZH

2% Unc.

— SMVH (x20) 1

BIT score

— Retain as much optimality as possible when profiling all six coefficients

— Avoid regions in the Wilson coefficient space
where anticorrelation among coefficients plays a greater role

— Analysis channel / coefficient split for the optimisation — still profiled together
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VH(bb) EFT

CMS Preliminary

Best profiled fit
Best frozen fit

— ¢ < 1 (profiled)
—— q < 1 (frozen)

Vs =13 TeV, 138 fb~!
VH, H = bb,A = 1 TeV

-- g < 4 (profiled)
-- q < 4 (frozen)

qg<l1 q<4
[X5] "—"'__—'___' [-0.068,-0.028]U[0.008,0.074] [-0.093,0.095]
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CMS-PAS-HIG-23-016

CMS

138 b1 (13 TeV)

N c=0.01

=1

ci=(4m)?

— Wilson coefficients measured with others frozen at SM and freely floating

— 2D scans explore correlations between coefficients

— Limits reported on the cut-off scale for fixed values of Wilson coefficients

— Results in agreement with SM
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_ Eur. Phys. J. C 84 (2024) 779 CMS
H—WW anomalous couplings

ANOMALOUS COUPLINGS
VV o VV »
Ki Gy +% ¢ —‘
wWW 7z vV 1 4vi 2 vz
ap  =4a; AHVV,) ~ L1 + VA 2 m%/letfle‘f/z
WW o 77 A
a;/vw_csvagz L vv 1) *(2),uv L vv (1) 7#(2),uv
W 1 22 77 +5a2 fu ' f +5a3 fuv ' f
1 _ 1 _253\72_
(AR s ((A%z Z
K2 25,,Cyy K7 B a5’
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— Hgg and HVV couplings + CP violation using the different-flavour dilepton final state from H—-WW

— Production via ggH, VBF, and VH a;|?0; . (ai)
Jai = a. 2o sign PR

—, Matrix element likelihood method (MELA) L lajl*o; 1

— Constraints in terms of anomalous couplings as well as SMEFT (Higgs and Warsaw basis)

— Measuring fractional contributions of the anomalous couplings to the Higgs boson cross section
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_ Eur. Phys. J. C 84 (2024) 779 CMS
H—WW anomalous couplings

ANOMALOUS COUPLINGS SMEFT - HIGGS BASIS SMEFT - WARSAW BASIS
WW 77 2 2 2
a, =ay , 1 77 s z7Z 0 6e 3CW 1
—— _ a; " = — | 2¢c ——C — — —)c ,
AV _ 277, Sc, = 54 1, 1 Az HO T 52 CHWB + (Zs%v 2) HD
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— Hgg and HVV couplings + CP violation using the different-flavour dilepton final state from H—-WW
— Production via ggH, VBF, and VH

‘ai‘zo-i . a;

fai = = sign | —

—» Matrix element likelihood method (MELA) Y lajl*o; 2
— Constraints in terms of anomalous couplings as well as SMEFT (Higgs and Warsaw basis)

— Measuring fractional contributions of the anomalous couplings to the Higgs boson cross section
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_ Eur. Phys. J. C 84 (2024) 779 CMS
H—WW anomalous couplings

CMS  VBF,D_<04 138fb"(13TeV)

5 o tom Oom ﬁp‘n}'wlw';; e Py (Q) Observables for HVV coupling:
2 b D:/\;WW D:\ANZbdsn n [ov ™ Nonprompt _f DSIg p— 7) 0 7) 0 — two Jets in VBF and VH
i 1203— <0.75 Dye>075 = sig( ) + bkg( )
wb E — H—WW decay products
805 m, < 45 GeV ;ﬁ m>45GeV | m<45GeV 1 my>45GeV ] -
N ;% : E Diry — Prsm (Q2) Observables for Hgg coupling:
Bl ‘ " [ - P Q) + Pop (O : :
04 i - b () + Pom(0) — two jets from ggH + 2 jets
200 Pty W 'L** =
u _ - m = ""Madﬁl
g 0 - Pt (Q)
P N D — SM-BSM
2 15 NG A e e e . — . . .
£ ol p" E ¥ %.ml e .““ .l.I. | L % f j Tp‘*l} H+ T Pom(Q) + Psp(Q) Decay vertex discriminant: my

oooooooooooooooooooooooooooooooooooooooo

— Hgg and HVV couplings + CP violation using the different-flavour dilepton final state from H—-WW
— Production via ggH, VBF, and VH
— Matrix element likelihood method (MELA)

— Constraints in terms of anomalous couplings as well as SMEFT (Higgs and Warsaw basis)
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H—WW anomalous couplings

CMS 138 fb' (13 TeV)

16
- —— Observed, fix others

- Expected, fix others

12— —— Observed, float others

-2A In L

95% CL

CMS

Eur. Phys. J. C 84 (2024) 779 CMS

138" (13 TeV)

Expected

—e— Observed

— 1-D likelihood profiles
— Correlations between coefficients explored

ETH:zurich Higgs 2024

Best fit 68% CL

-0.06  [-0.22,0.03]

0.01 [-0.05, 0.03]

0.03  [-0.49, 0.33]

-0.17  [-0.47,0.25]

|\\}\

| |
04 0.6 0.8
Parameter value

HWB

CMS 138 o' (13 TeV)
.| Expected

| —e— Observed Best fit 68% CL
i

-0.76  [-4.19,0.67]
-0.12  [-0.44,0.81]
0.08  [0.79, 0.51]
017  [1.62,1.05]
0.03  [-0.23,0.16]
-0.26  [-0.76, 0.41]
-0.54  [-1.57,0.83]

‘ -0.08 [-0.23,0.12]
j\\\\‘\\\\‘\\\\‘\\\:§\I\Illlll‘llllll\l\l\l\\j\\
-4 -3 -2 -1 0 1 2 3 4 5
Parameter value
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CMS-PAS-HIG-23-011
H—ZZ—4l| and H—bb (Hyy and HZy anomalous couplings)

q 4 q—~——17 q
e e
v¢1Z \\\\W 2y K,
q “H q—11 g q
4 q
14
“H q

fraction / bin

— Constraint on yH production cross section
— H—4l and H—Dbb final states are used for simultaneous

constraints on four anomalous couplings in Hyy and HZy 0_ el
107" 1

10
— Matrix element likelihood method (MELA) p; (GeV)

102 10°

— Measured potential enhancements in the Yukawa couplings for the bottom and top quarks
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CMS-PAS-HIG-23-011
H—ZZ—4l| and H—bb (Hyy and HZy anomalous couplings)

CMS

,CMS Preliminary 138 b (13 TeV) CMS Preiiminary 138 fo-1(13TeV) CMS Prefiminary 138 fo (13 TeV) ‘QI\IIIS'Pr‘eli‘mir]ar‘y 138 fo” (13 TeV)
—— T T T a ‘ : ‘ : ‘ .
SMH y-tagged i 100 y-tagged, tight ™8 Z+y . 15? 7 15? ]
i 7z/zy I Wty ] I — Observed, float all | | — Observed, float all
- . ZX i Non-resonant Fo Expected, float all 1 e Expected, float all
3 JyH(c ,oxB=1fb) 801 ¢ Observed P
g [ vH (c:, 6 xB=11fb) > 1 yH (Gyy, 0 xB=10fb) ] 10; — Observed, fix others 1 10; — Observed, fix others
Z | & Obsered g T YH(czy, 0xB=10fb) | c | Expected, fix others c [ Expected, fix others
n T |
c 2 | R N J |
q) CIC.) 1 1 N
> > 5
L - e a1 S S%e L ST 9%l
o | |e o
= I | L L I
‘ %0 80 100 120 140 160 180 200 ¢ o 1 0 0.05 > 019
0.6 0.8 1 ~ 2 ® 2
N Menet (GeV) [Cy |Cy
)

— Fitted MELA discriminants in H—ZZ—4l e
and mass of the Higgs candidate (ParticleNet GNN) in H—bb 0 — Ovsere ot

----- Expected, float all

— Observed, ¢, =G, =0

— Constraints on Wilson coefficients in mass eigenstate basis

20 - Expected, €, =Cy= 0

-2AInL

— Constraint on the yH production cross section derived from both channels

— Consistent with the Standard Model
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-2A In L

CMS-PAS-HIG-23-011
H—ZZ—4l| and H—bb (Hyy and HZy anomalous couplings)

CMS

CMS Preliminary 138 fb! (13 TeV) CMS Preliminary 138 fo! (13 TeV) CMS Preliminary 138 fo” (13 TeV) CMS Preliminary 138 fb” (13 TeV)
— 1. T 1 1 T T 1 T T T 1 1 T 7 — 1 | T T 1 T 1 T T 1 T 1 T 1T ‘_\“ll]“‘l|_ L I L L Y L L R LN AL |
—— Observed, float all — Observed, float all j — Observed, float all ] ¥ — Observed, float all i
o Expected, float all 0 - Expected, floatal S A e Expected, float all 10 _' ----- Expected, float all i
7 —— Observed, fix others —— Observed, fix others — Observed, fix others — Observed, fix others
..... i i ----- Expected, fix others ----- Expected, fix others
Expected, fix others ] Expected, fix others N 1
c £ =
r < <
(ﬂ (qV] (qV]
5 _ A ) )
95% CL S \ W 1 . S 95% CL
68% CL 68% CL 68% CL
0 | Tl | | L
—2000 0 2000 0 1000 0
Ky Ky Ks

— Potential enhancements in the Yukawa couplings between light quarks (u,d,s,c) and the Higgs boson
— Standard model assumption: k,=1, k=1 when all are floated simultaneously

— Same Yukawa couplings for light quarks as those for the third generation ruled out with CL>95%
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A peek into the Higgs combination
(talk by M. Gallj

CMS-PAS-HIG-23-013

— Principal component analysis — remove flat and unconstrained directions

— Constraints derived in individual channels lead to global constraints

CMS Preliminary 138 fo! (13 TeV)

EVO -0.09 -0.30 0.26-0.44 0.04 0.02 0.02 0.02

EV1 0.14 0.26 - 0.08-0.15 0.01-0.03

EV2 . 0.04-0.01-0.03 -0.010.04 0.16 0.04-0.060.03 -0.070.02 0.14 0.03

EV3 0.10 0.09 0.04 0.01-0.010.03 0.01 0.04 .0.03—0.08 -0.05-0.14-0.010.10 . 0.01

EV4 0.07 -0.410.12 -0.01-0.180.41 -0.100.16-0.40-0.020.10 0.01-0.01

EV5 -0.12 -0.17-0.070.01 0.01 0.04-0.14 0.10 -0.090.04-0.10-0.24 +0.45-0.100.03

EV6 -0.14-0.080.01 -0.060.05-0.15 .0.05 0.19 0.18-0.02-0.01 -0.140.17-0.04-0.17 0.18-0.05-0.02

EV7 -0.02 -0.20-0.18-0.02 -0.280.07-0.100.02 0.33 0.07 0.11 0.05 0.1 0.0.12-0.14 0.26 0.09-0.04

EV8 0.03 -0.18-0.030.05 0.39 0.08-0.27 0.31 0.32 0.36 0.32 0.04 -0.12-0.25-0.18-0.230.02 0.28-0.150.18

EV9 -0.010.02-0.02 0.03-0.05-0.02 .—0.01 0.06 -0.12-0.11-0.08-0.030.02-0.03 0.45 0.30 0.09 0.03-0.01-0.020.04-0.09
R R R A s E s LR AR
EEZEZESZ e 2ezTe

— A global combination fit (EW + Higgs + top)
with 42 eigenvectors constrained simultaneously (CMS-PAS-SMP-24-003)
(talk by A. Nigamova)

ETH:zirich
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CMS

CMSPreliminaryl _ _ 1[3‘8.@7,1 ?1‘3‘T‘e\‘/)
EVo x1072|| '@ conbinaton expected estit | -~ —8—
EV, x1072 =X
EV, x107! fupubr~. i
EVgx10-!|  TTT T
EV, .~
EVs r——
Eve| 0TI ——e—— oo
EV; x10 - gy
EVg x10 .~
EVg x10 I
TR E S - L
15 -10 5 0 5 10 15
Parameter value
6/11/2024

15



. M
Conclusions @

EFT in Higgs at CMS now
— SMEFT is a theoretically consistent and model-independent approach

— Measurements performed in multiple analyses at dim(6)

VH (H—bb) H—-WW anomalous coupling Hyy and HZy anomalous coupling
BIT MELA MELA
template optimisation multiple bases Yukawa coupling interpretation

— Individual channels combined in global fits

— No evidence for deviations from the Standard Model so far

ETH:zurich Higgs 2024 6/11/2024 16
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SMEFT — Warsaw basis

£ - x3 £ X H 8 — (RR)(RR)
Qo | [Grayay Qew (lpo* e )a HW), Qee | (Epuer)(Esy’er)
Qz | FeGuGhrGer Qs (lo" e, ) HB,,, Que | (@) (@sy™us)
Qu | PRI Qua | (@ Tu)H G, Qaa | () (diytdy)
Qw 57Jkﬁ?‘1"1’v,{”’vpk“ Quw (@po"ur)o ' HW?, Qeu | (Epyper) sy us)
L:((;Z) _ HS Qun (@pa'“’/ur)gBlw Qea | (Epyuer)(dyyrdy)
Qup | (HTH) Quc (qpot"Td ) H Gy, Qud | () (deyds)
£y - gp? Qaw (@pody)o' HW,, QU | (T uy)(dey T de)
Que | (HH)O(HTH) Qap (qpo'd,)H By,
Qup | (D'*H'H) (H'D,H)
e e £ —y2H?D LY~ (LL)(RR)
Qre | HIHG., G ng (Hfi(BuH)(ip"f”r) Que | Lpyuly)(Esvtey)
Que | HYH G2, Gor Q¥ | (HYD H) Gy, Qu | Gyl @y u)
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Qi | HYEW, Wi Q| (HND )@t Que | (@ar)(Erer)
Qus | H'H B, B"™ QW | @Y DLH) @0 ) Qi | (g (v u)
QHE H'H EHVBW QHu (HH%)LLH) (ﬁpAqur) Qéi) <7p7uTGQr) (@s v T uz)
Quws | Hlo'HW,,B" Qua | (HYD H)(dd,) Q| (@) (duytdy)
Quip | HiotHWE, B Qrua +hec. | i(H D, H) (i, d,) QW | (@ Tq,) (dey Ted,)
£ - 23 8 (LL)(LL) £89 _ (LR)(RL), (LR)(LR)
Qen | (H'H)(lpe H) Qu (bl ) Ly 12) Qredg | (Her)(dsges)
Qurr | (HTH)(gu,H) QW | @)@ a) Qe | (@ur)ejn(ahdy)
Quu | (H'H)(Gyd, H) Qi (@ o' a,) (@7 o ) Qi | (@Tu e (T dr)
Q| Bowl)@n"a) Qo | Ber)esn(@iu)
QY | o) (@ et QP | (Houwe)em(dEo )
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CMS

— Multiple operators contribute to the same process

— Same operator can affect multiple processes

— Dedicated EFT measurements are needed
AND their combination

Mass dimension counting:
scalar or vector field: 1
fermion field: 3/2

field strength: 2
derivative: 1

Measure a catalogue of Wilson coefficients!

We need to choose a process, identify which operators
affect it, and measure them.

— dedicated EFT measurements

— e.g. STXS reinterpretation in EFT

6/11/2024
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Boosted information tree

With each event having an associated set of weights w for a given value of Wilson coefficients 0, the
differential cross-section for the given parton-level configuration z; is

dog(z)

=L i g
Ep oop(2i|0)

w(f,z) = L

Parametrisation in terms of Wilson coefficients is propagated to the matrix element (no EFT in the
propagator)
M= Msy+» %M

(]

The probability distribution function at parton level is then a quadratic function of the Wilson coefficients
parametrised by polynomial coefficients s:

- Hi 92 G'Gk
wfzi) = so(=) + ) _sui() g5 + ) s2(m) 7+ ) ssin(a)
i J J.k

ETH:zirich Vasilije Perovic 6/11/2024
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Boosted information tree

*EG’

L(D|9) =

Hﬁa p(xi|6)

Neyman-Pearson: Largest discrimination
power between two simple hypotheses

> a0 = L(o(6) — o(00)) — 3 log R(xil0, bo)

w—) 1
Known from simulation R/_J

_ o(0)p(x]0)
R(z]0,00) = a(6o)p(x|6)

l

p(m]@) = /dzdet/dzshower/dz [p(l'a Zdetazshoweraz|9)]

R/_J

l Assumed to not depend on EFT

p(x|0) = [ dz [p(z, z|#)] —— Still untractable

——

But can be sampled

ETH:zirich Vasilije Perovic 6/11/2024 20



Boosted information tree

ETH:zirich

L 1
e i— €T p—
5g g 1+ R(x|6, 60)
do(xz,z|0
@20 20 |V opzle) [ w(o, )

do(w.2100) ~ p(z,2l00)  p(zl60) | w(0o,2)

Ratio of weights used to simulate EFT effects

Vasilije Perovic
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Boosted information tree

Polynomial dependency of EFT effects can be propagated to the LLH ratio

Each BDT is estimating one coefficient function and is trained and optimised independently

9a (c(0)p(x0)) lo=0 1 9a 0y (0 (0)p(x]0)) lo=0
R(z|0,00) = 1 0 — 00)s 200 —00)q (0 — 6
(210,00 =1+ (0= 00) > (60)p(x]00) £ 50— 00a(0 00, > (60)p(x160)

o) 1)

L » Sum over Wilson coefficients <«——— Goes into the loss function for the
training of that EFT component

R(a10,00) = 1+ > (6 = 00)aRa(a) [+ > 2 (6 = 00)a(6 — 60)oRap (o)}«
a a,b

'

Coefficient functions can be trained independently: ¢
2N + N(N-1)/ 2 trainings for N Wilson coefficients
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