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Large Hadron Collider - the energy frontier

Proton-proton collision in 2018:
- Beam energy: 6.5 TeV
- Peak luminosity: up to 2.1 X 103*cm =25~

* Proton/bunch: 10
* Bunch crossing: 25 ns
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Two general purpose detector: ATLAS and CMS
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Powerful microscope sensitive to a wide range of physics:
1. Search and study the Higgs boson

2. Measurement of the Standard Model (SM)

3. New physics beyond the Standard Model (BSM)
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Particle detection

CMS detector and Particle Flow
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Key:
Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon




LHC and HL-LHC roadmap

HILUM

LARGE HADRON COLLIDER

HL-LHC

LHC

13.6 TeV LS3 13.6 - 14 TeV
energy

Dlodes Consolidation

[EYETS
13 TeV

splice consolidation cryolimit LIU Installation _ _ HL-LHC
7 TeV 8 TeV button collimators interaction _ inner triplet e
" R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2011 2012 2013 2014 2015 2016 2017 2019 2020 2022 2023 2025 2026 2028 2029 2030 IIIII"
ATLAS - CMS —
experiment bt ATLAS - CMS X nominal Lumi
beam pipes 2 x nominal Lumi 2 x nominal Lumi . Upgrace
nominal Lumi - ALICE - LHCb : |

75% nominal Lumi | '/—' upgrade
luminosity EEOIE{ R

HL-LHC TECHNICAL EQUIPMENT:

CONSTRUCTION INSTALLATION & COMM. PHYSICS

DESIGN STUDY % PROTOTYPES /

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES

https://project-hl-lhc-industry.web.cern.ch/content/project-schedule
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

The Standard Model Higgs Boson

,u
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Leptons

e Quarks, charged leptons, W/Z bosons acquire mass through the
Brout-Englert-Higgs (BEH) mechanism in the Standard Model

e Higgs boson physics is one of the most important goals of LHC
physics program



https://arxiv.org/abs/1606.02266

Higgs boson main production mechanism at the LHC

125 GeV Higgs boson production cross section @13 TeV

Gluon-fusion (ggH) Vector boson fusion (VBF)
48.5 pb ~87% 3.8 pb ~7%

t/bf  emmmm-- H

g

Associated Higgs production Associated Higgs production with
with a W or Z boson (VH): a top quark pair (ttH): 0.5 pb ~1%
2.3 pb ~ 4%

H g

W/Z g

BSM physics class March 14, 2026 [



Higgs boson main decay channels

® bosonic decays in precision measurement
stage: yy, ZZ" 4, WW*

ZZ, WW

£/5

t/b

bb, tt, uu

b, T,

® fermionic decays: bb, Tt observed

® channels not yet observed: cc, uu, 2y, ...
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Higgs as tool for new physics

Precision measurements of Higgs boson qaF: ) S N H
properties as tool to search for new physics.

e Measurements of production and decay rates

* | oop-induced ggF and H—yy processes
are particularly interesting because they  higgs plus jet production at 14 Tev

are sensitive to new particle in the loops > o
Q 10'f L, (c.x)=(0.9, 0.1)
L . T £ 10° o
o) — (cykg)=(1.5, -0.5)
e Exploit differential distributions :

........
.......

e Very low/high pt(H) regime sensitive BSM

e Modified Higgs boson CP lead to altered .
Kinematic distributions 0 200 400 izz[Gevs?o

arxiv:1405.4295



https://arxiv.org/pdf/1405.4295.pdf

Run 1 Higgs physics highlight

_ ATLAS H—2ZZ* — 41
Spin-0 nature T o il
established, data — BN H = WW* > evuy

0'SM+3c 's=8TeV, 20.3 5’
strongly favors CP EJS Hom
event comparedto ,, | =7 e-aTev. 200t
CP odd, agrees 30;
with SM. g r. l»l L.
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PRL 114 (2015) 191803
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No significant deviations from SM in
Higgs boson production and decay rate

ATLAS and CMS
LHC Run 1
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JHEP 08 (2016) 045
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/

Measurement of Higgs boson mass
Phys. Lett. B 847 (2023) 138315

Y H—-ZZ*—4] and H—vy are used to measure Higgs boson mass: fully reconstructed with high resolution

* u ] ] u ] ]
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CMS

Run1:5.1 fb" (7 TeV) + 19.7 fb™ (8 TeV)
2016: 35.9 fb (13 TeV)

—Total | |Stat. Only

Total (Stat. Only)

Run 1 H-yy —— I 124.70 £ 0.34 ( £ 0.31) GeV
Run 1 H— ZZ- 4l —_— 125.59 £ 0.46 ( + 0.42) GeV
Run 1 Combined 125.07 £ 0.28 ( £ 0.26) GeV

]

2016 H—yy == 125.78 + 0.26 ( + 0.18) GeV

)

-
l:i:l

2016 H— ZZ—- 4l 125.26 £ 0.21 ( £ 0.19) GeV

2016 Combined 125.46 £ 0.16 ( £ 0.13) GeV
Run 1+ 2016 1256.38 £ 0.14 ( £ 0.11) GeV
L1 l L1 1 | I L1 1 1 I 1 1 1 I I I L1 1 1 I L1 1 1 l L1 1 | I 11
122 123 124 125 126 127 128 129
m, (GeV)

Using two high resolution channels: H—yy & H—-ZZ*—4]
CMS+ATLAS Run1 combination: mu = 125.09 * 0.24 GeV

CMS: H-yy & H—-ZZ*—4l Run1 + 2016 data: my = 125.38 + 0.12 (¥0.10 Stat. only) GeV

CMS Preliminary

Measurement of Higgs boson mass

Run 2: 138 fb™' (13 TeV)

4u
4e
2e2.1

2u2e

Run 1:5.1 fb" (7 TeV) + 19.7 b (8 TeV)

Run 2

- Total

124.90°).° (**') GeV

-0.14

124.70%)5° (j::;’) GeV

125.50°, 2 (*"%) GeV

-0.24

125.20% = (j:j; ) GeV

[ V Stat. Only
Total (Stat. Only)

125.04°, .7 (**") GeV

-0.11

Run 1

125.607;5 ('),,) GeV

Run 1+ Run 2

] | | |

125.08", > (j:-,‘;’) GeV

| | | l

122

CMS: H—»ZZ*—4l| Run 1+ Run 2 data: muy = 125.08 * 0.14 (*0.11 Stat. only) GeV
Combined measurement still dominated by statistical uncertainty

I
128

I
130

m,, (GeV)

Phys. Lett. B 805 (2020) 135425

Phys. Rev. Letters 131 (2023) 251802
Phys. Lett. B 843 (2023) 137880

HIG-21-019, submitted to PRD
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html

Measurement of Higgs boson mass

| | I | | [ | | I | [ | | [ | | | | | | | | | | | | | | | I |

ATLAS e Total Stat. Syst. | Combination Phys. Lett. B 805 (2020) 135425
Phys. Rev. Letters 131 (2023) 251802
Run1:,/s=7-8TeV,25fb~!, Run2: ,/s =13 TeV, 140 fb~! Phys Lett. B 843 (2023) 137880
Total Stat.  Syst. HIG-21-019, submitted to PRD
Run1 H — vy F——e&——— 126.02 + 0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4/ I ° 1 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 H — vy I-[Fj-l 125.17 + 0.14 (+ 0.11 + 0.09) GeV
Run2 H — 4/ e 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 142 H — vy 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run1+2 H — 4/ 124.94 + 0.18 (+ 0.17 + 0.03) GeV
Run 1 Combined Fr—e— 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined h%-rl 125.10 + 0.11 (+ 0.09 + 0.07) GeV
Run 1+2 Combined I-T-I 125.11 + 0.11 (= 0.09 + 0.06) GeV
] I | | | | | | | | | | | | | ] | | | | | | | | | | | | | | |
123 124 125 126 127 128
my [GeV]

Using two high resolution channels: H—yy & H—-ZZ*—4l|
CMS+ATLAS Run1 combination: muy = 125.09 * 0.24 GeV

ATLAS Run 1 + Run 2 data: my; = 125.11 £ 0.09(Szats.) = 0.06(Sys.) GeV

Combined measurement still dominated by statistical uncertainty
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html

EXPERIMENT

A@s Input channels to ATLAS and CMS combined

measurements of Higgs boson couplings in Run 2

ATLAS: Nature 607, 52-59 (2022)

CMS: Nature 607, 60—68 (2022)

Decay tags

Production tags

4y, 2e2u, 4e

ej/ee/ iy
Hp+jj/ ee+jj/ ep+j

e,ur €T, ,uTh/ ThTh

Z(vv)H(bb), Z(£¢)H (bb)

2(SS, 3/, 4/,
14+ 1, 20SS+1T,, 34 + 114

ggH, pr(H) x N; bins
VBF/VH hadronic, pr(Hjj) bins
WH leptonic, pr(V) bins
ZH leptonic

ttH p1(H) bins, tH
ggH, pr(H) x N bins
VBE, m;; bins

VH hadronic

VH leptonic, pr(V) bins
ttH

ggH < 2-jets

VBF

VH hadronic

WH leptonic

ZH leptonic

geH

VBF

ggH, pr(H) x Nj bins
VH hadronic

VBF

VH, high-p1(V)

WH leptonic

ZH leptonic

ttH, — 0,1, 20 + jets
ggH, high-pr(H) bins
ggH

VBF

ttH

ggH
VBF

VH hadronic
ZH leptonic

Decay mode Targeted production processes L [fb™!] Ref. Fits deployed in Single ﬁir;glsy ;isson production
H — yy goF VBF,WH,ZH, ttH,tH 139 [31] All
_ H — v [42]
H— 77 goF, VBF, WH + ZH,ttH +tH 139 28] All
ttH + tH (multilepton)  36.1 39 All but fit of kinematics
_ - H — Z7Z — 4/ [43]
H— WW goF, VBF 139 29 All
WH,ZH  36.1 (30] All but fit of kinematics
ttH + tH (multilepton)  36.1 (39] All but fit of kinematics H s W s foy [44]
H— Zy inclusive 139 [32] All but fit of kinematics
H — Zy [45]
H — bb WH,ZH 139 [33,34] All
VBF 126 35] Al H o et
ttH +tH 139 36 All
inclusive 139 (37 ] Only for fit of kinematics H — bb [47-51]
H— 1t goF, VBF, WH + ZH,ttH +tH 139 [38] All H — pp [52]
itH + tH (multilepton)  36.1 [39] All but fit of kinematics L Ii"l‘i‘;gf:[%]
H — uu goF+1tH+tH,VBF+WH+ZH 139 [40] All but fit of kinematics H — Inv. [71, 72]
H — cc WH+ZH 139 [41] Only for free-floating «. Higgs boson pair production
HH — bbbb [57, 58]
H — invisible VBF 139 [42] k models with B, & Bjyy. H};H;f;zfﬁzg)]
ZH 139 [43] k models with B, & Bjyy. HH — bbyy [61]
HH — bbZZ [62]

H(bb
H(bb

HWW)H(WW), (( H(tt)H(77)
H(bb

ggHH, VBFHH (resolved, boosted)
ggHH, VBFHH

gegHH, VBFHH

ggHH, VBFHH

ggHH

Nan Lu (USTC)
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https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w

S/(S+B) weighted entries

S/(S+B) weighted events / GeV
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Input channels for couplings and STXS combination

."CMS 137 b (13 TeV)
L L I L L LR L B L LA L B
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60 — S/(S+B) weighted —
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> — S+B fit E
s B component -
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JHEP 07 027(2021)

77.2fb (13 TeV)

: CMS ¢ Data
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S+B uncertainty
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PRL 121 121801
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= i VH B Z+jets, tt |
2 i 7 WitH+tH 77 Uncertainty 1
L 8o % A -
60 ’ % -
. 7 :
40— % N
20| £ _‘
0
110 120 130 140 150 160

HoZ77*—4| MalGeV

EPJC 80 (2020) 957
% = T T T T T ] T T T
O - ATLAS -o- Dafrzgwtzme E
SO00 o _13Tev, 36,107 mmann T
P - B Other back ds
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© - 777 Uncertainty -
o1 300 E
200 =
100 E
g 50— 1 | jj T T T —
 o— & 7 o |
I QP %—0— oty
g _50_ | I R T R R N R L]

Hott mMYM°[GeVv]
PRD 99 (2019) 072001

>2000_I|III|III|IIIIII|III|III|III\|III|I.II|I_
8 _ 4 Data 1\ Uncertainty
o 1800_ ATLAS - HggF . HVBF _:
T 1600F Ho-WWisevuv, N <1[ ] ttwt [l ww ]
£ 1400F Vs=13TeV,36.1 fb" M zy" [ Mis-Id .
G_) L
> ; B vw
W 1200}
1000}
800}
600}
400}
200F
2 300 ]
m _
© ]
cos 200 S
100 .
O | | | | | | | | | | :
60 80 100 120 140 160 180 200 220 240
m; [GeV]
H—=>WW-evuv
137 b (13 TeV)
%800 IIIII |IIII| IIIIIIII |IIII|IIII|IIII| IIIII
0] - CMS ¢ Data :
E 700F  All categories — S+B (u=1.19) 1
S sook- S/(S+B) weighted ... Bkg. component
i h m,=125.38 GeV 1o ]
e, o E
_.q_').. 500' \:iZG ]
< r ]
2 400
N
— 300}
m L
+ -
) 200F
d L
100
0:
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X
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JHEP 01 (2021) 148
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-07
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://arxiv.org/pdf/2103.06956v1
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801

Events / bin

ttH multi-lepton (H—ZZ, WW, T17)
PRD 97 (2018) 072003

Data / Pred.

o —_
o ho
()] (@ 2 IR ()]

H—Zy
JHEP 01 (2021) 148
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: ?_TLAS . W =i ] = : ATLAS . -4 _ata -
: S= 1?’ TeV, 36.11b [ Diboson [ Non-prompt | I= 10° __\{§ =13 TeV, 36.1 fb Bl ttH (Mﬁt=0-84) _
: Post-Fit Bl g mis-id ] Other E 0 = ttH (u =2.0) =
r Bl Fake 7, 7/, Uncertainty L - 95% excl. -
--- Pre-Fit Bkgd. s []Background T
100 7/, Bkgd. Unc. IE
- ---- Bkgd. (u=0) .
10°e =
10° E
- ttH (bb) Combined -
10% E-Dilepton and Single Lepton =
i - Post-fit .
! ! ! | | | ! 1 1 ! 1 1 | 1 1 | 1 1 | 1 1 1 1 1 1 1 1 1 1 1 ! 1 1 ! I_
bk 2 o +
e s el 2l S s oans 15 2. 4 "
;_ 2 Lolll arira i e i e 22 ol 0%%%%/ A
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-2
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“Ss 7 sp f/,«M/C;f,«Z o /;” Vi Cgf,« ch Ss*’%j””adﬁ&eﬁn 2\dep.*2%d OS“’had log_(S/B)
CMS 138 b (13 TeV) 35.9 b (13 TeV)
> :| T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T : 8000 et I et I ! rt I rt ! I L I o I r ! I L
3 8000 — H—>2Zy m, =125.38 GeV ¢ Data E CMS 5. p, <1000 GeV ---- ;v
~ m ] 7000 double-b tagger "
@ 7000 Al categories — S+B E = p::si:g r:;?f:r et
= - . ] -~ passingregion iy
T pooo | >(S+B) Weighted B component -, 6000 oo Total back
- - — fetere 9" ound
& n = Expected S x10 - [ o B H(bb)
8 5000 — Weighted = CIE 5000 = + Data
Sa000p e E 5 40005
é) = +2 O a e ~
— 3000 E Q 3000
T 2000 = L =
) - . 2000
& 1000 - - 1000 -
0 :I P I |JA| PR TR R T AN TN N T WA N SO TR ST N T W A E pred -
S R A I A SRS 0 Frtteadem e R bt
" 2005— M=2.4_0_9—E '3|= ok T . : A
I 100 - o -+
% | ¢ " Els 5[ + N —
0 8 I S WL 4
~100 - + o | . | , | -+ ,
S o o oo b o b o b b by g 8 _ao 60 80 100 120 140 160 180 200
110 120 130 140 150 160 170 M. (GeV)
SD
My, (GeV)

Input channels for couplings and STXS combination

ttH, H—bb
PRD 97 (2018) 072016

boosted H—bb
Phys. Rev. Lett. 120, 071802
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-03/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.071802

ATLAS Higgs boson production and decay rates

Signal strength: g = Nsignai(0bs.)/Nsignai(exp.) Nature 607, 52-59 (2022)

Inclusive signal strength:
u=1.05+0.06 = 1.05 + 0.03(stat.) + 0.03(exp.) + 0.04(sig. th.) £ 0.02(bkg. trﬁ)
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Good compatibility among decay channels and with SM
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Higgs boson production and decay rates
u = 1.002 +0.057

Inclusive signal strength:

Nature 607, 60-68 (2022)

Good compatibility among decay channels and with SM

MggH
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HitH

My

CMS 138 fb~! (13 TeV)
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ATLAS Higgs boson couplings: x-framework

& Leading order framework to characterize possible deviations from the SM: assign coupling
modifier to each (effective) interaction vertex (e.g. Kw, Kz, Kt...) and total width (kn)

& Assumptions: single resonance, zero width, SM tensor structure JP = 0+
& Coupling Compatibility Tests using k and their ratios

fCross section for production and decay i—H—f parametrized as A

SM cross sections and widths scaled by couplmg modifiers

~"\
ST SSM Fszu hzhz
o -Bli—H— f)=2"1 _|Z | =2
( f) FH 1’\81\[ h‘;{
J https://doi.org/10.5170/
: - ‘ 0; ‘ I [
coupling modifiers: k? = USZ\ - Kf= FS{” K = grbf” CERN-2013-004
. Production Decay Total width )
Example: gg — H — yy
g Y
i Assume only SM particles
contribute in the loops Nature 607, 52—59 (2022)
g Y
12 2 2
BR H 1.589«i;, + 0.072x7 — 0.674 + 0.009 + 0.008 — 0.002k.x;, — 0.002
oXBReg > H =10 _ 28 _ (104062 +0.00262 — 0.038ky6, — 0.005k) i Sk bl i N S
o X BR(gg - H — y}/)SM — K[%] K[%](Kba Kws Kgs - - )
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© Kv and Kr, scaling the Higgs boson couplings to massive gauge bosons and to fermions

© Kv and Kr measured to be in agreement with SM prediction, within ~10% uncertainty
CMS
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£ oy . . >
artas Higgs boson couplings vs particle mass

Measure coupling modifiers K for the massive gauge bosons (Kkw and Kz) and fermions probed in the
present analyses (Kt, Kb, Kr, Ky and Kc)

Predictions for processes in SM occur via loops of intermediate virtual particles computed in terms of K;
CMS 138 o' (13 Tev)
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LAS

XPERIMENT

Higgs Boson coupling results

Presence of non-SM particles in loop-induced process with effective coupling modifiers Kg,Ky,Kzy

———
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Probe High pT Higgs boson

5000

137 b (13 TeV)
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EXPERIMENT

Run: 338349

R ./ ATLAS-CONE-2020-007, CMS-PAS-HIG-19-003
CMS-BTV-15-002-PAS, Eur. Phys. J. C 79 (2019) 836
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Simplified Template Cross Sections (STXS)

STXS: a natural evolution from Run 1 signal strength measurements

& Measure production mode cross sections in exclusive phase space regions

& reduce theory dependence comparing to signal strength measurements

& provide more finely-grained measurements

¢ isolate BSM sensitive phase space

< Benefitting from global combination

& Significant progress from ATLAS and CMS across accessible Higgs decays

- | »| > 2-jet VBF cuts
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£
ahes CMS STXS: recent result H—=bb

Full Run 2 measurement targeting VH
production mechanism CMS 138 fb’1 (1 3 TeV

Phys. Rev. D 109 (2024) 092011
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STXS Combination

Most precise measurements and

interpretations obtained from statistical
combination of STXS measurements in
production modes and decay channels:

& Statistical precision, in particular in most BSM:-
sensitive regions is still limited: more data will
help! [Nature volume 607, 52-59 (2022)

& Provide an indirect constraint of the

[PLB 843(2023)137745, CMS
HIG-19-005]

& Measurements interpreted using

[arXiv:2402.05742, CMS-PAS-HIG-23-013]

¢ Example: STXS measurements in H—=ZZ*, H->WW*
decay channels, overall good compatibility with SM

ATLAS
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https://www.nature.com/articles/s41586-022-04893-w
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-17/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-17/

ATLAS STXS Combination - ggH production

ATLAS full Run 2 STXS combination [Nature volume 607, 52-59 (2022)
Input channels: H—=yy, H=ZZ*, HHWW*, H—Zy, H—bb, H—=7r and H—uu
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ATLAS STXS Combination: VBFH, VH, tt/tH
@ATLAS full Run 2 STXS combination [Nature volume 607, 52-59 (2022)
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SMEFT and 2HDM and (h)MSSM interpretation of ATLAS STXS combination

arXiv:2402.05742 submitted to JHEP

Analysis L Reference Binning SMEFT 2HDM and

Decay channel Production mode b~ (h)MSSM

- 38] STXS-1.2 v v

H = (esF, VBF, WH, ZH, ttH, tH) 139 19] differential v/ (subset)
x x . - 22] STXS-1.2 v v

H— 77 (ZZ* = 4b: ggF, VBF, WH + ZH, ttH + tH) 139 18 differential v (subset)
(ZZ* — v /llqq: ttH multileptons) 36.1 27] STXS-0" ve
H =77 (geF, VBF, WH + ZH, ttH + tH) 139 39) STXS-1.2 v v
(t¢tH multileptons) 36.1 [27] STXS-0" Vv
H—WW*  (gF, VBF) 139 40 STXS-1.2 v v
(WH, ZH) 36.1  [41 STXS-0* v/
(tt H multileptons) 36.1 27 STXS-0" v
H — bb (WH, ZH) 139 42,25]  STXS-1.2 % v
(VBF) 126 43 STXS-1.2 v v
(tTH + tH) 139 44 STXS-1.2 v v
(boosted Higgs bosons: inclusive production) 139 45 STXS-1.2 v v
H — Z~ (inclusive production) 139 46 STXS-0" v v
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AT SMEFT interpretation of STXS combination

arXiv:2402.05742 submitted to JHEP
« Standard Model Effective Field Theory (SMEFT) Effective Lagrangian :

— N,

L = + —@(6)
SMERL >N Z Only d = 6 operators are considered,
« Ratio of SMEFT cross section wrt SM prediction  impact of d = 8 operators might be

OEFT non-negligible.
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ATLAS SMEFT interpretation of STXS combination

arXiv:2402.05742 submitted to JHEP
ATLAS
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AR UV-complete models: 2HDM | |
arXiv:2402.05742 submitted to JHEP

Comparison of the constraints in tanf3, cos(3-a) plane, from the k- and EF T-interpretations of Higgs
boson production and decay rates.

The k) constraint is included in the Type-l model interpretation.

Type-I model Type-II model
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ATLAS

EXPERIMENT

Differential distributions are sensitive to Higgs couplings through distortions
in the SM predicted spectra. Two interpretations: x-framework and SMEFT

Higgs pr sensitive to many BSM effects: physics in the ggF loops,
perturbative QCD calculations, Higgs couplings to charm and bottom

quarks, ...
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Higgs boson differential measurements combination and interpretation

Ke VS Kb constraint from pt(H) shape

| Variations in pr(H) with ke

Nan Lu (USTC)

BSM physics class March 14, 2026

33


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801

138 fb™! (13 TeV)

o

&y

I

— - -

1|

L1 1 7

S HE PSS LR LSS

pY (GeV)

138 tb~! (13 TeV)
| | |

. s -1 . . -1 . .
_ _CMS Pr?llmlnary | | 138 fb | (13Tev) 102_CMSIPrellmllnary | _ 138 fo (1I 3TeV) CMS Preliminary
o) i 1 > : [I] 1 ~ T T T T T T T T 1
& bedi, S Al S s
<C] i A S 777 >3 e S kK i T
B ‘1////,,,, “:: i s = L 11
< 103 % 1 € LN ‘1/, 7= 15102;— B
1 J10'} e d f
'—I—I—I—ﬁf?'j_ b N | _ —— b [
1 12 ¢ 5
10° 3
102 ] == T
H aMC@NLO, NNLOPS | aMC@NLO, NNLOPS amgg:tg. NNLOPS
aMC@NLO 0 aMC@NLO ol a
Powheg 10 Powheg 10 H POWh?g )
1 ¢ Combination ¢ Combination E ) Comb!nat!on
- =% Combination, Syst. unc. T | == Combination, Syst. unc. m C?mb']naﬂol"- Ssrst- unc. |
I I | | | I I I | | |
ST T T T T T T T
s 2 | T | T . s 3F I | | l | T = [
g f ‘ ] 2 oF : s |
%1- Lf— EF = 'gzg— E s410L._1 *-,i-“l-ﬂml ' i
s F 1 a 1[ : o V¥ 1 T
s | { o1} T — e i . S S _i*T | t o
s oF :{3 = ° ok = g |
s ] s V[ E ob——1L 1 1 | I | | |
T 4L | | | | . ] = | | | | | | O 0 Qo P P
B.o 0.7 16 3.0 5.0 ® 0 75 120 180 300 500 1000 ®
Anj m; (GeV)
CMS Preliminary 138 fo~' (13 TeV) _ CMS preliminary |
;103_ I I ! l ] % 103F"%—
8 :‘7##17 === (\D 1 — ﬁ:
s S L
=0 %10 3 il
d < .
3 3
< 102} -
! 10"
Ef — p? —avcanio oS
j — k pz ’k — aMC@NLO, NNLOPS By | aMC@NLO‘
TC — l?’laX aMC@NLO // // | ? Zowheg
. i ombination
GJetS 2 COSh (yk - yH) 1§ z(;:‘urt])?r?ation '44, /444 100?[: Combination, Syst. unc.
I Combination, Syst. unc. T == . I l
: |
5 SF ] '
5 2r T T T T 1 s 2F L{
g | 777 - S 1f-
51} j]t + 4444442 s of t%
e '} e e 1 5 “F
o r . -qE | | | | |
I 1 0 30 40 55 75 95
o« 0 i ] | | | 1
15 20 30 50 80 o
. (GeV)

CMS-PAS-HIG-25-013

Higgs boson combined differential measurements

CMS Preliminary 138 fb~' (13 TeV)
i~ R | | | > H
.Q — ———— a h O
e |
2] — Powheg
Q - .- $ Combination
% 104 - [ Combination, Syst. unc. |]
2 //g?l‘l_l_-_
103_— /4444445‘[ # -
10°k | ] | ]
52T T T T
§ i
aq
e f
E 0 i | $ |
0 1 2 3 4+
Njets
CMS Preliminary 138 fb~' (13 TeV)
-_ | | | | | [ | | |
o]
e by T
S ! |
= t ]
@]
q - - - —{
104} -
aMC@NLO, NNLOPS
aMC@NLO .
— Powheg
¢ Combination b
[ Combination, Syst. unc.

N

Ratio to prediction
—

-

==

Nan Lu (USTC)

BSM physics class March 14, 2026

37


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html

£

A x-framework interpretation of combined differential measurements
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artas . SMEFT interpretation of combined differential measurements &

pT(H) 2D scans of Wilson coefficients

Wilson coefficient
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decay, all other coefficients set to
their SM values of zero.
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Recent Higgs results: Higgs boson CP in Hff couplmg

* Run 2 dataset allows to measure directly the & ; ATLAS -
CP structure of Hff coupling via ttH+tH E sof (o= 18TeV 139 -
w — |
production b —wisna-0 «— CP even |
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nonresonant di-Higgs and Higgs self-coupling

The potential energy of the Higgs field

The Higgs potential has the shape of a “mexican hat”

/

-
s

_l 2 1.2 l 4 o
V(¢)—2ﬂ¢ +4/1¢ (H2<0, A>0)

The potential has a minimum which is not at <¢p>= 0, v

known as the vacuum expectation value v = 246 GeV

 Expand around the vacuum expectation value: V(@) = V(v + h)

+ V(h) = Vo + Av2h? + Avh® +=Ah* + - ? .

in the SM U=246 GeV

>
Im(¢)

] v
| Mass term | Higgs Higgs A= 21)_2 ~ 0.13
Re(¢)

trilinear self- quadratic

\ coup | N g Se |f—

coupling

Double Higgs production
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nonresonant di-Higgs and Higgs self-coupling

trilinear self-coupling (A\3) can be probed directly via HH production, extremely challenging to measure at LHC

| | | | | -
— HH production at 14 TeV LHC at (N)LO in QCD :
e iy _ M, =125 GeV, MSTW2008 (N)LO pdf (68%cl) _

~‘h
by
-
-
-
-
o
L g
e
~ -
N
-
s\
~

MadGraph5 aMC@NLO

A
w
N
-
o
-
N
w
N

R.Frederix et al: Phys.Lett. B732 (2014) 142-149
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)

gluon fusion HH production at the LHC

Dominant gluon-gluon fusion (ggF) production mode (0ggr = 31.05 fo NNLO
FTapprox) gives best access to H self-coupling (Ka)
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VBF HH Production at the LHC

» Vector boson fusion (VBF) (over = 1.73 fb

N3LO) sensitive to HHVV coupling (Kav)
» smaller Koy => larger cross

section, harder mun spectrum,

: boosted VBF signatures
LHC 14TeV
T T 1 ! ' - |
g5 [T 102} — SM(ky = 1)
Ef 1025_gr|;nll§ninary Strong —Kiv E g EPJC 77,481 (2017) s KQV:O'S
?3 E\\\\ enhancement ;KSVM ] g 1 B BaCkground_
£ 5=,
E 105 § 10—2
’ =
: 10—6 N - |
[ 0.0 0.7 1 2 3,
™Mph [TGV]

1 0—1 L 1 1 1 l L1 L 1 I 1 1 1 1 I 1 L1 L I 1 1 1 1 l 1 1 L1 I 1 1 1 1 I 1 1 1 L
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HEFT studies with di-Higgs

S (Ei=—1. kKi—=1. o =& = t5—0) BSM
E H g H £ H
£ H g | A H g
\Qmm,—.— PPPPP ’I, %
H 5 C B < A
..... { Aumn | b \\\ v HHH
—_— : "H g H g H
g H g y H

- HEFT ggF cross section modeling with three new contact interactions (couplings): ttHH (C.),
ggHH (Czg) and ggH (Cy)

. HEFT benchmarks: JHEP 09 (2018) 057, JHEP 04 (2016) 126, JHEP 03 (2020) 091

- Extract cross section upper limit on the benchmarks to explore HEF T sensitivity

1 2 3 4 9} 6 7 8 9 10 11 12 SM
K ‘o 1.0 1.0 —-3.5 1.0 2.4 ol 150 10 100 24 150 10
Kt 1.0 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.0 1.5 i0 10 10
co —1.0 0.0 —-15 -=-3.0 0.0 0.0 0.0 0.0 1.0 -1.0 0.0 1.0 0.0
. 0.0 -0.8 0.0 0.0 0.8 0.2 02 -1.0 -0.6 0.0 i0 00 00
Cog 0.0 0.6 —0.8 0.0 -10 -02 -0.2 1.0 0.6 0.0 -1.0 0.0 0.0

C
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nonresonant HH searches in Run 2 CMS

ggF and VBF HH — bbbb boosted (Phys. Rev. Lett. 131
(2023) 041803) resolved (PRL. 129, 081802) , VH
(rXiv:2404.08462 Accepted for publication in JHEP) bb WW T ZZ YY

HH — bbtt (Phys. Lett. B 842 (2023) 137531)

HH — bbWW (JHEP07(2024)293) ww | 25% | 46%

HH — tT1yYy (CMS-PAS-HIG-22-012) 7.3% 27% | 0.39%
T - - '

HH — bbZZ(4l) (JHEP 06 (2023) 130)

HH — bbyy (JHEP03(2021)257)

multilepton (e, 4, Th ), HH = WWWW + WWTT + TTTT
(JHEP 07 (2023) 095)

HH = WWyy (CMS-PAS-HIG-21-014)
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Probing Higgs boson self-coupling using
boosted Higgs

e Phys. Rev. Lett. 131 (2023) 041803
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Probing Higgs boson self-coupling using

boosted Higgs W
® HH—4b decay channel has the largest branching < @

ratio (340/0), Boosted jets: I erse mome! tmpT
® ~1.5k A events produced in Run 2
® ~15% »4b events with two boosted Higgs (pr >
250 GeV)
b Anti-kr algorithm with R=0.8
(AK8) jets
2 § £ 0.06F
oS 0.03f o B
5_3 : 5_>J o oek Requiring the first Higgs
S 0.025 o I pT>250 GeV
S I S
*g 0ooh g 0.04—
T f T
0.015F 003~
- - >
0.01F 0.02r
0.0053 0-01:—
O0 50 100 150 200 250 300 350 400 450 500 OO_ | I1|(|)(I)I I2|(|)(I)IIII§(I)(I)l Iéll&)I IEI)(l)(I)] IEISOO 70(l)llé(l)(l)l I94)(|)(I)I:IIOOO
Higgs 1 P, [GeV] Higgs 2 P, [GeV]
~20% acceptance for the first Higgs to Requiring first Higgs p1>250 G?V’
. large acceptance (75%) for having a second
have high pT > 250 GeV :
boosted Higgs
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https://arxiv.org/abs/1606.02266

ParticleNet Jet tagger for AKS8 jets

ParticleNet: A multi-class jet classifier for top,

Higgs, W or Z tagging for large radius jets . 1 (13 TeV)
O
e "New Approaches for Jet Tagging With qc, CMS . o
Machine Learning" TDLI/SJTU HEP Seminar- O Simulation Preliminary
June 3_0 2021 by Huilin QQ ::G:J 10_1 H—Dbb vs. QCD multijet
- 500 < pf" <1000 GeV, "1 <2.4
e PRD 101, 056019 (Huilin Qu, Loukas S 90 < m_ < 140 GeV
Gouskos) O — DeepAKs
o
. . nD. ) & _o|_ ---DeepAK8-MD
ParticleNet CMS note (CMS-DP-2020-002) 8 10 DarticleNet
m ParticleNet-MD
¢ DeepAK8-DDT (5%)
Mass decorrelated ParticleNet-MD: 1073 PRSI )
background efficiency of ~0.1% for signal
efficiency of 50%
e Compare to DeepAK8-MD, background 10'40 01 O 2 03 04 05 06 0.7 08

Signal efficiency

rejection improved by a factor of ~2 per jet



https://indico-tdli.sjtu.edu.cn/event/589/attachments/999/1616/JetTaggingML_SJTU_H_Qu.pdf
https://indico-tdli.sjtu.edu.cn/event/589/attachments/999/1616/JetTaggingML_SJTU_H_Qu.pdf
https://indico-tdli.sjtu.edu.cn/event/589/attachments/999/1616/JetTaggingML_SJTU_H_Qu.pdf
https://cds.cern.ch/record/2707946

ParticleNet Jet tagger for AKS8 jets

ParticleNet output scores: X—bb,

X—cc, X—light quarks, QCD |ets ‘g
- search for boosted HH — bbbb, =
discriminate X—bb vs QCD jets:
Pxui e
T.\'bb — Jet T,.,

Pxw + Pocp
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Trigger

& A combination of several trigger algorithms: requiring large total
hadronic transverse energy in the event (Ht) or AKS8 jet with large pr. a
minimum triggering threshold on the jet mass is imposed in order to

reduce the Hr or pr thresholds.

& Trigger efficiency:10 ~ 95% for jets with 300 < pr < 450 GeV, fully
efficient for jets with pt > 500 GeV

(< Trigger is a crucial factor for this analysis.




Event selection

& Two complementary ggF and VBF analyses:
'VBF selection: two AK4 jets: m;>400 GeV, Anj > 4.0

& ggF analysis veto VBF selection

& Identify boosted high-pr Higgs candidate jets:

'ParticleNet H—bb tagger Txoo
& ParticleNet regressed jet mass Mregressed
& ggF analysis preselection:
& at least two AK8 Jets with pr > 300 GeV
“rank Jets based on Txob
& Jet 1 soft drop mass msp > 50 GeV
& Jet 2 ParticleNet regressed mass Mregressed > 50 GeV

“Jdet 1 Txop > 0.8




BDT discriminant for background rejection
After preselection, train BDT to separate gluon fusion HH signal

and main backgrounds (QCD multijet and 7)

138 b (13 TeV) 138 fb' (13 TeV)
- R > LA AL LU LU LU DL IR L DL LN LR BB o frerrrTrrryTrTTpTT T T T T T T T T T T T T T T T T T T TS
> F ] : _
. . . &3000F CMS Supplementary . 2 40008 CMS Supplementary
BDT training variable o fon | [ o |
—~2500F 4 Data +ets V+ets, VV ] .."E’35OO:— 4 Data .tt+jets V+ets, VV
_fﬁ.) L s ] (0] C —
.o c - Bkgd. stat. unc. i >3000F .QCD -~ Bkgd. stat. unc.
e Dijet system S i I Thanae:
Jet sy ) it 2500}
e Dijet system 7 2000F
e Dijet system mass ; | 1o
1000F
:l » Iet 1 T32 5 5
; 15, Lot Eos
'i .]et2732 ! ;1.0++¢ ek %+- 5 10
| T 05 T 05/
o Jet1 soft-drop mass mMigp 0.0"56 80 100 120 140 160 180 200 220 240 260 280 08702 03 04 05 06 07 08 09 1
j. Mg [GeV] i.D .-
. & 1 1 1~ bb
{ J et P T 138 b (13 TeV) 138 fb' (13 TeV)
i > 1 ™ 7T T 77T T T T T T T mr -7 T L DL B L
| ® ]et il " & 900§ CMS Supplementary ] §2500_‘ CMS Supplementary
% 9 800 ttCR E S - ttCR
& ]et 1 tagger PXbb ; 700;_ + Data V+ets, VV 1 52000-_ + Data
: . £ coot = B, stat. unc. 5 :
o Jet1tagger Pocpy, S oof “1500f

‘ o Jet 1tagger Pocpbb

1000}
o Jet1 tagger iQCDothers ' 5005—
e Jet2py | :
e Jet1 pr / Dijet system mass 5 1.:-‘ - - - - T 3 12_ -
o Jet 2 pr / Dijet system mass | g ;g* S — --.a..e.unu,++ﬁ++_ g Lo _
.l o Jet2 py / Jet1 Pt i - 0293()0 1000 1200 1400 1600 1800 = 00 0.2 0.3 0.4 0.5 0.6 0.7
e " —— - My, [GeV] Py /My
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Event Categories

+ Three event categories (Bin 1, 2 and 3) optimized based on BDT
score and Jet 2 Txop tagger score

- QCD control region used to estimate QCD multijet background

Jet2 Txnn Tagger

0.980

0.950

QCD Contro\ reg|on
0
0.03 BDT Score
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Background estimation QCD multijet

&' Main backgrounds:

tf+jets: simulation with corrections derived in data

' QCD multijet production: parametric fit to data in control region

QCD control region transfer factor
- Total transfer factor

80000 =
0012 =
5
60000 = § 0010+  ,
: G 0.008 - \"‘H_._‘__
9 40000= -
@ ¥ 0.006 -
A 2
S ] 0.004 =
0.002 =
O= 0.000 ] [ [] - ] i ] i ]
.4 40 60 80 100 120 140 160 180 200
Jet Msp

' [ ] [} T [ [ [
40 60 80 100 120 140 160 180 200
Jet Msp

£ Other backgrounds estimated by simulation:

©V+jets, VV

i

400~ |
" >
] ] ] . ] [ [ ] [ []
40 60 80 100 120 140 160 180 200
Jet Msp
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Results

»  Observed (expected) upper limit at 95% CL on HH cross section: 9.9
(5.1) x SM

> driven by ggF analysis

-1
138 b (13 TeV) 138 fb™' (13 TeV)
> 20__I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I__ o I I I I I I v I I I L I I I I
D _ o
G 18F CMS i CMS Supplementary Observed
o - ggF cat. 1 : K, =K, = Koy = Ky = 1 B8 Expected = 1o
: 16 + Data . QCD, ggF H, VBF H VH o T T T Expected + 20
) B ]
c 14 HH (u = 3.5) T4] : ] — _
c - W tt+jets ttH i
c1>> - . . j VBF cat.
w12 1 Vaets, v . Totalune, - Expected: 114
- i Observed: 88
10r . | _
8: : ggF cat. 3
[ Expected: 35
6F Observed: 34

ggF cat. 2
Expected: 13

2 Observed: 32

0 ggF cat. 1
< f Expected: 5.5
8 2.0 ObZvaeed;s.1
& 15ty
s okl Comtinec .
CDU 05 ............................ | B Obierved: 9.9 I

00™80 780 100 120 140 160 180 200 220 "1 — 10 100
J, Mieg (GEV] 95% CL limit on o(pp — HH) / ©
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Results
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boosted HH—4b results

»  Kx constrained to be in [-9.9, 16.9] at 95% CL, sensitivity dominated by ggF analysis

»  Kov=0 excluded at 6.30, assuming other H couplings to be SM values, sensitivity
dominated by VBF analysis

» 2D likelihood scan (ka, kKav) shows complementarity between two analyses
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Candidate events

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 16:51:13.749568 GMT

CMS Experiment at the LHCCERN
' Data recorded: 2017-Aug-07 19:13:22.727552 GMT
Run / Event / LS: 278803 / 465417690 / 259 ‘

Run / Event / LS: 300633 / 525384863 / 347

A ggF like event A VBF like event




Recent Higgs results: probing the Higgs Self-coupling

Upper limit for o(HH)/osmmH) A: ATLAS obs. 6.9 (exp. 10) CMS obs. 22.2 (exp. 12.8)
Limit from Higgs self-coupling:

CMS: -11.8 < k,< 18.8 from HH, from single Higgs —3.5 < kx< 14.5

& ATLAS: -5.0 < Ky < 12.0 from HH, -2.3 < ky < 10.3 from HH+H

AT CMS 35.9 fb"' (13 TeV)
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Phys. Lett. B 800 (2020) 135103, Phys. Rev. Lett. 122 (2019) 121803
CMS PAS HIG-19-005, ATLAS-CONF-2019-049
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e https://videos.cern.ch/record/3021024
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