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Higgs Production Mechanism at the LHC

Cross-section values at 13 TeV from LHC Higgs WG

production in
association with a

W /z+  Vector boson
23 pb

gluon-gluon fusion
------ 486 pb

production in
association with a
top quark pair

05 pb

vector boson fusion
38 pb
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Higgs Decay Channels

° Branching fraction fixed by the Higgs mass
from LHC Higgs Working groups

0w g T —— T3 ¢
® Golden channels: -_,% : : :,2,
e H=7ZZ (2.6%) %)10-12_ _8
o H = yy (0.23%) = I ¢
® Other di-boson or third-generation decay % 102E -
channels: 0 B ‘
o H=>WW (21.5%) 1°E
* H=>17(6.3%) - —
e H =>bb (57.7 %) ! =
® More Challenging decay channels: | E
* H =up (0.02%) 15 E
e H=>CC (2.9%) Ry 'y ik -
e H=Zy (0.15%) 107 400 150 200 250

e H =YY" (0.01%) M, [GeV]
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® One pathway to further study the Higgs is to perform cross section measurements within multiple
phase space regions
e Two Complementary approaches are being explored

° Simplified template cross sections

e Differential cross sections

® ATLAS, CMS and the theory community have been working together in the LHC Higgs Working

Group setup a common framework for Higgs boson measurements in Run2
® STXS targets phase space regions within production modes, using Standard Model kinematics as a
template.
® Categorize each production mode in bins of key (truth) quantities
® Reduce theory systematics, but more model-dependent.

® No decay information available in STXS (for the moment).

(a) Gluon Fusion (b) Vector Boson Fusion (c) Higgsstrahlung > n
TH pTH (d) tt Production
Irzljet et
Mij, pT(H+jj) (if pPTV pTH

Mij, PT(H-+i) Nletas)
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About 7.7 millions Higgs bosons produced during Phys. Lett. B 716 (2012) 30
Run 2 by each experiment R S T s e
> 16:— ¢ Data ?36- K,>0.5 {4
SIS — vy i E
o . — 14'_—DZ’Y,ZZ o 34
Enough data for precision measurements and rare £ FCimeizscey £ |
[ =y >2§ ?
decays TR o E
C ° 120 140 160 .
* Main production modes and decay channels studied in 8l m,, (GeV)
detail 6 T
* Decays to bosons and third generations i 8 ‘ ]
* Fidudial, differential and STXS i ;
0 e 4 B I ; o
* Challenging phase spaces e B o O
* Starting the inspection of second — generation fermions Eur. Phys. ]J. C 81, 488 (2021
- 0 ] S B B L B B
[¢b] B ® Data =
* Evidence for H = U and searches for H =>CC e ¥ ﬂfﬁz* — 4l . ) .
Q1 50 Vs=13TeV, 139" SOC. VI —
* And other rare decays = St :
_.E __ Z Uncertainty __
e H-YYy*orH=>Zy g O :
* Double Higgs production 30[ -
* Key to study self — coupling and the structure of 20;_ _
the scalar Higgs field potential - H ]
10 _—+ P
o L R TP

110 120 130 140 150 160
m,, [GeV]
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Only free parameter, fixes all other properties

* Measured using golden channel
* provides best resolution, exploits key
momentum and energy calibration

CMS: Combination of H =*» ZZ and H =? Yy using
Runl1 and 2016 data

125.38 +£ 0.14 GeV

. Systematic uncertainty 1s~0.1%

ATLAS: H = 7Z7Z->4] result using full RUN2 dataset
* Improved techniques: per-event error

reconstruction and Z mass constraint o
+0.09 ¢
12492 + 0.19 (stat.)’yoc (syst)| ..

Both measurements are limited by statistics | “™"
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Higgs Mass Measurements

10.1016/j.physletb.2020.135425
CMS

Run 1:5.1 o' (7 TeV) + 19.7 fo' (8 TeV) —— Total Stat. Only
2016:35.9 fb' (13 TeV)

Total (Stat. Only)

Run 1 Hoyy p— 124.70 +0.34 (+ 0.31) GeV
Run 1 Ho ZZ— 4l —_— 125.59 + 0.46 (% 0.42) GeV
Run 1 Combined —_— 125.07 +0.28 (% 0.26) GeV

T aterom |eeme 125784026(4018) Gev |
2016 H—s ZZ— 4l — 125.26 +0.21 (+ 0.19) GeV
2016 Combined -%—- 125.46 +0.16 (% 0.13) GeV

Run 1+ 2016 -I—- 125.38 £0.14 (£ 0.11) GeV
1

vl b Py v v v b b by

|
122 123 124 125 126 127 128 129

m,, (GeV)
ATLAS-CONEF-2020-00
A TLAS Prellmlnary —&— QObserved: Stat+Sys
*
H—>ZZ* - 4l ’ =] Observed: Sys-Only
Vs =13 TeV, 139 fo’
m,, [GeV]

— g 124.80 ‘777 (Stat) 7% (Sys.)

+ 124.95 170 (Stat.) 177 (Sys.)

L e 125340 (stat) % (sys)

Em3— 124.59 7% (Stat) °1° (Sys.)

. 124.92 77 (Stat) **% (Sys.)

124 125 126 127
m,, [GeV]

15" Sept. 2021 /




Ratio to SM

Fit for couplings modifiers

359" (13 TeV)

------- SM Higgs boson
— (M, ¢) fit

. ERY
EY

aaual ad b s asaal

10”' 1 10 107
Particle mass [GeV]

Eur. Phys. J. C79 (2019) 421

Event rate for it > H = ff: o; B

Fit for six Higgs coupling modifiers: Ky, K, K, K, K, K|,

Assurning:

* 1o “new physics” in loop-driven couplings (H = yy, gg—

H)
* no BSM decays (invisible, not observed)

. couplings to the 15t/ 2nd—gen. quarks and electrons are SM-

like (i.e. , small and hence having a negligible effect on the

fit)

f _ (Ti(k‘)rf(k’)

I'u(K)

coupling)

Impressive agreement with SM over three orders of magnitude of couplings ! (note: 5% for ttH
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H = yy Measurements

JHEPO7 (2021) 027
Large backgrounds due to non-resonant photon

: : : -CMS 137 b (13 Te
pairs but estimated through fit to data > “BF ‘..‘....l....l..‘.l....l....l..(.‘l.‘._)_
8 - H— vy, m, =125.38 GeV All categories .
—~ 5 S/(S+B) weighted
% F ¢ Data ]
[ _ g 1
Both ATLAS and CMS measured inclusive and STXS 3 N, :J'CE;: E
o E ponent 4
% 30 - - 1o ]
% - [ ]+2c -
Z of =
e C 1
LD o[ ]
ATLAS-CONF-2020-026 D E ]
0 ! 1 I L 1 I .
> 1 L\l 1 1 . l. .
8 3000 t Data %T:A;gﬁésllr?lsngag_‘ Zigg; o | | Bcolmponerln subtractedE
2 2500 Background m,, = 125.09 GeV 1500 - =
< H i 1000 - 3
B 2000 —— Signal + Background All categories 500 E- =
= In(1+S/B) weighted sum 503
b — . - R R R L oo e b b
o 1500 S =Inclusive 100 110 120 130 140 150 160 170 180
@ 1000 "t%eeasee. m,, (GeV)
Inclusive Cross-section measurements are:
& o ATLAS:
o
o o (6xB ). =127+10fb(cxB M=116+51bh)
5 7y” obs n
O o CMS:
g 110 120 130 140 150 160 0 u=0/o,, =112 (stat) + 0.03(syst.) + 0.06 (theo.

o
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H = yy Measurements conti..

= 10 T T T T T . E ATLAS-CONF-2020-026
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S . ¢ Data, tot. unc. " Syst. unc. ] o ST S results for e
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Measurement of H = ZZ

Final states with two lepton (e/ ) pairs with opposite sign
Eur. Phys. [. C 81, 488 (2021)

. . . . . -1 -1 1
* Cross-section is measured in a fiducial volume that = ST TV 19T (8 TeV, 13718 (03 T,
. . L gk &
closely matches reconstruction level selection ~ C+MS .
1= = LHC Run 1 data (stat ® syst) B
* Reduce model dependance © 5L 4 LHCRun2 data (stat @ syst) N
: . . . B Systemati rtaint .
* differential cross-sections are measured with F S S:’:HZ':Z ';‘;Z:(;::IZHJ o soocey
4~ S My = e -
respect to Hpr , rapidity and angular variables are [ W\ Standard model (NNLOPS, m, = 12538 GeV) ]
T4 . - . N _
sensitive to the structure of the Higgs boson 3k S
C S ]
interaction, QCD correction, BSM etc.. of E
D C = ]
ATLAS i] S?;?. uncertainties 1—_ . »K‘;SQE\T\Q@E\ ]
H— 22" — 4 —F i - ]
Vs =13 TeV, 139 fb” - 532352 +N)lil|-I10+NNLL+XH B pp - (H —4l) + X N
E — - E - O:llllllllllll|||||I|||||||||Il|||||||||||||I|||_T
Gy E £
=18p =.45F g %0p 6 7 8 9 10 11 12 13 14
S 1.6F 4F 80
3 1.4f 35f [;' ¢ 70F \/g (TeV)
B12F 3f 60F
o E F = ° . °
S 1;% . P st sof i | Fiducial cross-section results:
0.8 4] L] 2F 40 .
E - Eiﬂ F
0.6F 4] 1.5,—4[, 30F
F E E CMS.
0.4 1= 20 4
E 3 E _ +0.23 +0.26 SM _
oz o5t 10F ® Gy 2.84 “oy (stat) T o (syst) fb (T = 2.84 + 0.15 fb)
2.9 2 B A 2
i £ & fagpeg=gs

ATLAS:

e 0,=328+0321b (o,, =

=341+ 018 fb)

Phys. . C 80 (2020) 942
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Measurement of H = ZZ

e differential fiducial cross sections can be used to probe possible effects of physics beyond the SM
Phys. J. C 80 (2020) 942

Eur. Phys. ]. C 81, 488 (2021)

T T T T
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Measurement of different production mechanics in rnutually exclusive regions

Prafulla Kumar Behera(@PIC2021
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ATLAS:

O

ggH: o,
VBF: o,

O

Neutrinos in the final state spoils mass

2
resolution but very clean due to lepton in °
final states

ggH and VBF total cross-sections measurements

H = WW measurements

JHEPO3 (2021) 003

137 b (13 TeV.

>
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= 079 +0.19
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integrated fiducial cross section
= 86 5+95fb (cs

137 fb' (13 Tev)

E CMS 0 geF —— Observed

E = VBE —— regularization

C [__] Statistical
FHZH+WH =5 g erimental
B e [ Theoretical
. Uncertainty HH MG5_aMC@NLO

pl vl 1l

=82.5+ 4.2 fb)
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¢ Final states with at least one hadronically—decaying T lepton

138 fb! (13 TeV) arXiv:2107: 1 14‘86 138 fb_1 (13 TeV)
; Observed ! P 0 — T T T T T T T T T ]
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Ev v v by v by v b b by gy 0 E 4—_ -
50 75 100 125 150 175 200 (7] I .
mME [GeV] e ok * I E
Ke] . s i T -
— r * L ] .
L e o H N B B T O—i Iilil i ' i i i i—_
ATLAS Preliminary H— tt Vs =13 TeV, 139 fb™ N :
(ets): =1 1 =2 =0 =0 =2 1 =2 =2
—Total — Stat Theo |YHI<2.5 p.(H) [GeVI: [60, 120] [120, 200] [200, 300] [300, »[ [0, 200] ! :
' ' m; [GeV]: [0, 350]* [0, 350] [350, =o[ | [60, 120] [350, [ |
Tot. (Stat, Syst.) gluon fusion + gg — Z(— qq)H " VBF+V(—qqH ' ttH
| 1.53 *+1-56 (+1.06 +1.14
ttH ® Y 132 0.93 -0.94
0.59 050 +0.32
VH 0.95 to.57 (fo.4s fo.sz )
0.34 015 +0.31
ggF 0.95 %> (%15 lo2s)
VBF 080 2 (o1 w015y | inclusive cross-section for [yl <25:
"""""""""""""""""""""" XERATI AR = (stat.) +037 (syst.) pb (6., = )
Comb. o2 45 ) 0, =289+ 021 (stat) 3, (syst) pb (o5, =314+ 0.08 pb
TR FETEE RN FEEEE R RN R :
0 1 2 3 4 5 6 7
(oxB)™ / (oxB)*M
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* Probing Higgs coupling to second generation lepton, Fit to mass of di-muon.
> 10080 : CMS
® ATLAS:EventSSplitin o [ ATLAS Prelminary (s~ 3TeV, 139 g L R e R L L R I I AL IR
. . 3 80 ¢ Data e = E 3
exclusive categories based £ —ogonametel 1 S ¥ :
on MVA discriminants. N T c—oﬁ' B '1(;
aof 8107'F E
- — E ]
BR(ee): 0.036%(@95CL o
- RN, . SO U S W J— 12¢
. 107 3
g ofy - 5
Phys. Lett. B 812 $20212 135980  ° _soof -
S —— 110 1757920 725130 135 140 145 750 186 760 _|-----
E 7005_ AlLAS e GVl 10" E 30 51gnal -— Combined — VBF-cat E
o 600 Vs=13TeV, 139 b —g"a' f’ggf E - Observed — ggH-cat fiH-cat. :
= - Slgna = = 3 g -
% 500E H > wy, In(1 + S/B) weighted ---Bkgg. odf —; i —VH-cat. |
D 400F- = T g FEEE FERE FUTS FURET PORT UERTS FURES PR Sy
= - E 126 721 125 125 124 125 126 127 126 129 130
£ 300E P = m,, (GeV)
@ = O signa -
= 2005 & 3
100E- —
Ok o= * CMS uses template-based approach
- B A S ALY g for VBE for better sionif .
, it or or bEtler Slgnl 1Cance USIHg
S 0 L . i
D 1 1 1 1 L 1 1 1 1 DNN
110 115 120 125 130 135 140 145 150 155 1 - -
m,, [GeV]| Need more data for observation for this decay
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ggH(H —>bb)

WQO000Q00QQQ,
=
g t ° ggH(H —>bb) production is the dominant
000000000
but large background
Signal: bump in m, at 125 GeV ® [ook at boosted selection

® Measurement focuses on

° .
At least one jet Inclusive

p,>450 GeV

* pT differential measurement (STSX)
* fiducial measurement (pT,truth>450 GeV)
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° Highly boosted two b-jets in the final state. Merged both to one large radius jet

e New DeepDoubleBTag (DDBT) algorlthm (1.6x s1gnal efﬁClency) IHEP12 (2000) 085

* QCD bkg. estimated using CR, populated with events failing DDBT selection.

. . 1 -1
* Transferred to signal region N . 1. ...} OO . 1.
] CMS W 4 o r CMS W ]
& 1600 -1 o =
. ~ E ;50 :o b:ZgO GeV é e r :)50 <:; <bl12:(: GeV i ]
~ = eep le-b tagger = = ~ | eep double-b tagger i ]
® nggs pT ( HPT ) > 450 GCV g 1400: Failing regiol -—'”Ifoﬁnl)e; ckground : g 20000- Passing region _qM u“ﬁ: ciground
o 1200k M H(bb), p =37 = [ b EH(bb), p =3.7
Ll>.l ¢ Data E Lﬁ 15000- ¢ Data
1000 -
137 o' (13 TeV) 8001 E

y 10000}
[800, 1200] GeV| CMS :

W, = 9157

[675, 800] GeV

5000}

- Failing DDBT

n,=8.773] it o

[600, 675] GeV | 1 4 -
p =839 © py —
H 27 | 8 2 + +

[550, 600] GeV b

60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200

B,=377% B mg, (GeV) mgp (GeV)
[500, 550] GeV ) ) . ) .
b =268 ; Higgs candidate mass is fitted for 51gnal extraction
it ad Other processes are fixed to SM prediction:
T —

Analysis has been validated using 7 = bb

* For differential measurement STXS bins are used; 2.6 local significance PT(H) > 650 GeV
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H =>bb

e Fit QCD with smooth function

3
ly validated in 0-b R s e
e 1 1 1 _ : [0} B reliminary .
extensively validated in O tag region G [ Rctarev 158 t pata ] ]
. S 1SALp >1Tev B+ p>1TeV (u=26.38) R
o W/Z +jets oS [z "
T 0.8k Cw .
; ) o = ]
® Shape from simulation o : = :
L Fully ﬂoating during fit (standard candle) 0.6 $ [ mutiet 7]
® Mostly Ztjets after b-tagging 0.4 %—%
L ¢ ‘
® iibar: ATLAS-CONF-2021-010 0.2~ T
Multijet + 10
® Shape from simulation ko) '
S 100
e (CRttbar for normalization E&, -
© 0
= L : ] a
) . ATLAS Preliminary |
§ 80} Vs=13TeV, 136 fb" - 50
S " e  Fit ] 5 .
L A ©
60 95% CL Upper Limit N g 0
C ] -50 | - . . , , e
40+ — 80 100 120 140 160 180 200
i i . - Jet mass [GeV]
[ . d Fiducial
20— =
r § H / Jet 071 Kz i
0-— ° - PT/ 250 Exp. Obs. Exp. Obs. Exp. Obs.
r 1. | j > 450 GeV 1.0+ 3.3 0.7+3.3 1.00£+£0.18 1.274+0.22 1.00+=0.07 0.81 +0.06
500 1000 1500 > 1 TeV 1.0£+£29.0 26 =+31 1.0 £1.6 24 +1.7 1.0 +£0.3 0.51 +0.19

Pt [GeV]
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Higgs couplings to 2nd gen quarks

® Test of Yukawa interactions with 2nd generation fermions:

evidence for leptons only

e Search for H =®cc in associated production

® Dedicated charm tagging

Higgs coupling to Charm quarks

earch for H=cc: VH production mode
e Olepton: Z(—w) H(—cc)

e Ilepton: W(ltv)H(—cc), I=e,p

* 2lepton: Z(I*H)H(—cc), |=e,p

Prafulla Kumar Behera(@PIC2021 15th Sept. 2021 /




®  Use of multivariable analysis techniques to identify
jets produced by C quarks
i Targeting VH associate production to suppress

backgrounds

® 7ZH =>vvce, WH =21vcec and ZH =?lcc

® Atleast one c tagged jet
¢ Analysis strategy validated in VW (cq) and ZW(cc) channels
Good agreement with SM
® Diboson fit results: validation of the analysis
*VZ(cc): 2.60 observed (2.2 expected)
*VW(cq): 3.80 observed (4.6 expected)
* First measurement of VZ(cc) and VW(cq) using c-

tagging!

Upper limits:
e ATLAS: 26 (31},%) SM at 95% CL (full Run 2 data)

® CMS: 70 (37F1%) SMat 95% CL (2016 data only)
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OL
Exp.=79xSM
Obs.=83xSM

1L
Exp.=72xSM
Obs.=110xSM

2L
Exp.=57xSM
Obs.=93xSM

Combination
Exp.=37xSM
Obs.=70xSM

CMS JHEPO3 (2020) 13 35.9 b (13 TeV)

' pp— VH(H— co)

—— Observed
----- Median expected
[ 68% expected
[ 95% expected

1

0 lepton
Exp.= 40 x SM
Obs.= 35 x SM

1 lepton
Exp.= 60 x SM
Obs.= 50 x SM

2 lepton
Exp.= 51x SM
Obs.= 49 x SM

Combination
Exp.= 31x SM
Obs.= 26 x SM

50 100 150 200

95% CL upper limit on uVH(H_mC)

ATLAS-CONF-2021-021

e T e [ St S O
ATLAS Preliminary [+t

Vs=13 TeV, 139 fb"! B £ 20
----- Expected
VH, H - ct —— Observed

PRI IS NI T TN T

20 40 60 80 100
95% C.L. limiton . _
VH(cC)
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The Higgs boson can decay to a lepton pair and a

photon in three main ways:

® the leptons can be produced via an

intermediate Z boson (H—Zy—1ly) 107
® or avirtual photon (H—y*y-lly),

or two leptons (H—1l) with one lepton

| 109
radiating a final-state photon. 10

H-Zy—00y

Target the decay mediated by the virtual photon. 107"

* focus on events where the dilepton mass (mll)

is less than 30 GeV,
® Due to the low mass of the dilepton pair they

are often very collimated

Limited spatial resolution of the detector

° Merged electron + Photon / 2 electrons +
Photon

® Not an issue fOI' muons

Prafulla Kumar Behera(@PIC2021

120 ‘/q_Z[GeV]

resolved merged
| clusters cluster
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¢ Fit to lly invariant mass with a well-

behaved combinatorial background

e dedicated trigger for close by electron
e Select low-my events (< 30 GeV)

ee resolved VBF-enriched ————sa==———

ee merged VBF-enriched ' =g

uu VBF-enriched ————

ee resolved high-p_ : ——

ee merged high-p_ —_——

up high-p_ | ————

ee resolved low-p_ —e— ATLAS
) ; /s=13TeV, 139 b

e merged lowp,, —m=— | -+ Total unc.

uu Iow-p -;-t— = Syst. only

H-)fy-)llyglobalflt .'+'....

% —6 —4 —2 0 2 4 6 8 10

Phys. Lett. B 819 (2021) 136412 o>B/(0>B)su

30— T e e .
% g T T T -I-Bkgl T T T T ]
S o5t - Bkg+H= yy 7
@ — Bkg+H~ yy+Sig (u=1.5) 1
.g) : ¢ data ]
S 201 5
s ; ]
2\ 15 ]
10F .
- ATLAS 4
5 Vs=13TeV, 139 fb™" o
F In(1+ See/ Bao) weighted sum ]
gy lasea ey s Ve vrlaee Levas Doee eal eea g ls s eel o i
(@) A EE LA EEE SN AR RSO R e EE RS R A R EEE
& o ¢ 5
| 2 + g
S of
N Ty e +
110115120125130135140145150155160

m, [GeV]
ATLAS full Run 2 results:

e Evidence for H — lly
3.2 o obs (2.1 ¢ exp)
Results also for H — Zy

O

O

m,, ~ 1,

2.2 ¢ obs (1.2 ¢ exp)

O

CMS results (2016 data only): JHEP 11 (2018) 152

L
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* Reinterpretation in terms of Higgs

Higgs decays to invisibles particles

—

2 C T T T T
couplings with Dark Matter or Higgs exotic 1 09F ATLAS FPreiminaly __ Observed
decavs T 0sF  (s-8Tev 203y’ - Expeced

Y § 'k (s=13Tev, 139 16" B9 350
Latest results: g 07 =
 ZH =1l + E; miss = 068
g F
* Fit to BDT discriminant g 09
J 04
T LA WAL AR RS RIS R R i O
= o
o - ATLAS Preliminary ~ « Data B(H~inv) =1 3 03
-  Vs=13TeV,139fb"' Wzz mwz i ® 2
800+— SR [ Z+jets " Non-res. — ’
B 77 Uncertainty ] 0.1 -
I 7] | | | |
600 . 0 H VBF _ Combined Combined Combined
- . Run 2 Run2 Run2 Run 1 Run 1+2
0 .
sl - Results:
: e ZH:B(H — inv) <18% obs (18% exp) at 95% CL
- e combination of previous ATLAS analyses (VBF and ttH):
m .
o B(H — inv) <11% obs. (11% exp.) at 95% CL
8
(@] Es flosagissolass foweglogsilagss o
48 =06 04 02 L B2 04 08 CMS results (2016 data only): Phys. Lett. B 793 (2019) 520
ATLAS-CONF-2021-02 BDT
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Charged Lepton Flavor Violation in decays:
H- ut,H—-et,H- eu

JHEP 03 (2020) 103

Channels used:

e g 137 fb™" (13 TeV)
ATLAS — Observed _
° HTy,, UT, Vs=13Tev,36.1fb" &= Expected + 1o =3 :
Expected + 26 > 10
C o eTy ey W |
. . . ue VBF - 058 N
Very similar to the “nominal” H — i f H=0090m 100 7
. ut, non-VBF I‘; fi=-024 +0.35
TT analysis, except that gand e 8309 i 245
. ¢ oy ONVEF | g = 0212 107 [F——
dare prom oaofons [ ] E Y
P P T i L 3 N i —
* tend to have larger momenta . R 4
o«th:n\e-m ! H=-0.07, 10 §
L -
BDT is used to separate signal from = | 022700 i .
028 (obs) v b b by by Ty s L
. -5 | m 1% i ol
non-Higgs bkg and H = 11 o 1 2 3 4 5 6 10 - B - - _
88 8 95% CL upper limit on B(H — ut) in % 10° 10*  10° 1072 10~
Y |
B(H = ut) < 0.15% (CMS) .

B(H > HT) < 0.28% (ATLAS)  ATLAS-CONF-2019-037 and Phys. Lett. B 800 (2020) 135069

H = eu) < 0.006% (ATLAS) most sensitive final state in H - Ut search,

MUT,, + 2-jet VBF tag
B(H - et) <0.22% (CMS)

B(H - et) < 0.47% (ATLAS)
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http://dx.doi.org/10.1007/JHEP03(2020)103
https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913

The Higgs boson and its self-coupling
® Higos boson m
88> POso ass measurement JHEP 2101 (2021) 148 35.9-137 fb™! (13 TeV)
b i > A U A R AR | LA FL P T B ER LE N R ER RS :
gettlng VEry precise El: 't CMS o”: ,f!'”%
: o ]
® [nteraction with fermions and & [ Mi=125.38GeV g,. ‘
. E“‘|>1°-1§_ p-value = 44% HIQQS? E
vector boson well established by & i :
102 1;?,'?' .
Now. .. : :
. . ’ ¢ Vector bosons l
* Time to measure the Higgs boson 0%y 3 3™ generation fermions 3
e ¢ Muons ]
self-coupling experimentall I SM Higgs boson
p g p y 104;" y . bl o & & s
3 1.5pm T | T &
R A S— ot
. . ) 5 bl & o sveend ¢ re el 5 o5 el
2~ H %, H T 0550 1 10 107
H Particle mass (GeV)
------- ° A < A
s~~ H H"' s\ H
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Searches for di-Higgs production

® Measuring production will gives us access to the triple Higgs coupling (self coupling) A3, which gives
information of the shape of the Higgs potential:
° V(H)=1/2m?; H> + A3vH3 + 1/4 A,vH* + O(H? )
® shape of the Higgs potential linked to a wide range of open
questions in particle physics ==> characterizing it is a

major goal of HL-LHC

The leading production mode is gluon gluon fusion ( ggF):

® The coupling modifier K; controls the strength of the Higgs self
coupling with respect to SM: K = A3/A3SM (any change will enhance cross-section significantly)

® Destructive interference between the two diagrams results in a very small SM cross section of
GHHggF:3 1.05 fb at 13 TeV.

K+ 1034

OggF HH [fb]

9 000000000 ——¢——@ - - - - - H 9 "
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Double-Higgs search

Possibility to direc‘dy inspect the Higgs coupling and shape of the potential

® Cross-section values at 13 TeV

g H & Y H
/ .
/
, :
Hoo gluon-gluon fusion
----- < M (k)
\ 311fb
\\
\ - S

q

vector-boson fusion
1.726 fb

P
— < unn (Kk)
B s

o~

H

q
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HH=> bbbb

® HH candidates reconstructed from 4 jets and Y = (my; — 125)> + CMS FAS HIG-20-003

" CMS _Preliminary 102 fb' (13 TeV.
(my;, — 120)?is used to divide events in SR and CR £ 700[-HH > bbb 4 20172018 Data
g - i%" reglon ' I Big. model
. .. ‘ps . L 600 sy . unc.
® VBF candidates are selected by requiring 2 additional non b- jets : . g e
. . .- . 500 B i,
and a VBF-vs-ggF BDT is used to reduce mis- classification of ggF E SRS RS
400H
events.
® VBF-vs-ggF BDT or a dedicated ggF BDT are used to enhance
sensitivity to both SM and BSM scenarios, resulting in a total of 4
SRs.
® The large multi-jet background is estimated from data and a &

. . . . ., . . . = 01 02 03 04 05 06 07 08 09 1
maximum likelihood binned fit is simultaneously performed in all = BDT Output
SRs.

< diD CMS Preliminary 138 o (13 TeV) CMS Preliminary 138 fb' (13 TeV)

"'% [ Ei/“:'b:‘;::‘\:e'?“s All categories 1 E ? 95% CL upper limits All categories ?

% [ eeeeee Median expected HH — bbbb ’I=\ . 32:‘;:,” d HH — bbbb 7

1, 000l o sox oo Mo 31 e e

e [ — Theoretical prediction ‘ a i Dkespecied . - 1

. 6(pp _) HH _) 4b) < 3-6 (7-3) x SM Obs (exp) % : o & 3‘; 103§ ~——— Theoretical prediction !
o -23< K, < 94 (-50< K < 120) & ® )
E 3

o 0l<k, <22 (04<xk, <2 : Y
2V ( KZV S) d 10 / :

1 ;—‘ ol § % gt g 2 4 a2 PPN RET N RN Y a3

-2 -1 0 1 2 3 4
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* New production mode : VBF HH
® Sensitive to ¢y coupling unique to HH

* Distinct VBF signature: two high pr jets with

large rapidity gap and invariant mass

® 4 b jets final state : M(bb) energy resolution
improved by 25% with BDT energy regression

” Gbserved (expected) :

-

SR A GVBF/GVBF g1 < 840(550) at 95%CL
-0.43 (-0.55) < Cay < 2.56 (2.72)

>
(5]
. .o . S ATLAS ° Data 2016-18
® Main challenge - multijet background, estimated L e
. . . L. 2 10° Signal region NO: a"-tjad 1t S
from data events with lower b-jet multiplicity 2 el
102 : : : ; ; Spin-0 n?rrow resonance (800 GeV)
* Fit m4b to extract presence of signai 10
1 CTIT™e
) YT T T T T T r 1T rrr T 107"
5 ATLAS = Theory prediction < .
% 10° Vs =13 TeV, 126 fb" —— Observed limit (95% CL) g 25— E
g_ HH—bbbb e Expected limit (95% CL) = 1 ;?w— L e S ~¢»~t~*-+~v+-+\+\\\ \W
&104 [ Expected + 1o S 0; E
g . Expected + 26 200 300 400 500 600 700 800 900 1000
©10 m,, [GeV]
10?

_/
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HH =» bbbb (boosted)

Targets non-resonant VBF HH production to measure k

2V
Boosted topology:
e each H — bb candidate reconstructed as a
large-radius jet

e multivariate classifier based on graph convolutional
networks and mass regression to identify signal
events

Leading top and QCD backgrounds estimated in control

regions
8 K,,=0 is shown in red

Very sensitive to search!

Results:
e 06<x,, <14 (obsand exp) at 95% CL

Assuming k, = k, =1, k,,=0 is excluded at
a CL higher than 99.99 %

@ Prafulla Kumar Behera(@PIC2021

Events / bin

—_ —_
o
>

95% CL upper limit on o(pp > qqHH)B(HH - bbbb) [fb]

CMS PAS B2G-21-001

138 0", 13 TeV
F CMS —e— Data .
E'?Prellmlna’y [ QCD multijet
- High Purity el _
'E_ Bkg uncertainty E
F . —— Signal (,,=0)
_F T —
E =
s c
o s

> 800
myy [GeV]
138 fo' (13TeV)
,,,,,,,,,,,, L e e e e e e e e e
CMS — Observed ===+ Medlan expected f
" Prelimi inary = Theory prediction [l 68% expected
E “ws=e=1 == 95% expected b
E Ry=ay = E




ATLAS-CONEF-2021-016

*  Two different BDTs are used for events with high/ low Mx masses

>0.25 lTl{llfl!l\TlNlT|T||T|T|\||T|T|TI]||T|{|]||{|T|
. . . . 0] [ H
to discriminate Kj = 1 or K = 10 against background. A total of 4 o I ?’TLAS Simulation Preliminary
. . L 13 TeV ]
regions are defined from cuts on the score of the BDTs. 30 HH —>b|w; ooF
» L
* The analysis is optimised for ggF HH ==> VBF events are also § -, —¥=-
considered as signal. 5 J_LI_L _KF?
. . . =5s
* The SB are fit to estimate the non-resonant background with data. § 0.1 (2 ]
[¢]
L(LE .J_H_,_ —x,=10
Results:4.1 (5.5) x SM cHH 0.05- Jj:|: .
5x improvement wrt previous result, ~3x due to analysis : o
techniques driven by mHH categorization & MVA as well as 250 0 5 40 450 50 50 60 60 7([)2 \7;]50
. . — Mgy, (G
b-jet corrections y e
5 T T L S B S B B B S LA O
Statistically dominated, few % 1mpact from systematics g 107 ATLAS Proliminary  — Observed it (65% CL)
> — g —] — R i %
3 251 lATLAS Prellmlnary ] . Data] N % Vs = 13 TeV, 139 fb 1 — Expec:eg :m: (+915/ €L
o> : Vs=13TeV, 139 b B HH (SM) ] = . 4| HH—bbyy xpected limit +1c
4 T HH-bbyy Single Higgs = 10 [ Expected limit +26 E
. OF g[;T<L3SO i W yy E > E== Theory prediction
s u oose yybb ] i % SM prediction
o [ Bl yy+other jets ] [<)
(1] 15_— Ml DataDriven y7j bc’ 103
- DataDriven jj B 3 E
i *‘L —: - NC-- i //
s gt -
s ] ' Observed: «) € [-1.5,6.7]
! Expected: x) € [-2.4,7.7]
0™ 50 120 130 140 150 160 | TN ..« NPT
my, [GeV] ‘10 8 6 4 2 0 2 4 6 8 10

o
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@ -3.3(-2.5) <k, < 8.5 (8.2)

® A ggF and VBF BDT are used to discriminate the HH signals against N L. A L ol (13 Tev)
: . .. . ® 30 HH—>YYbb All Categories =
background + a DNN is also used to further discriminate against 2 fmu-125Gev o
= ®F —HH+H+Bft ]
ttH € of —— H + B component |
g o B component
e sk \ Em+ic E
® M(bb) energy resolution improved by 25% with DNN-based b jet £ -2 ]
© 10 i
) 2 ]
nergy regression = E
energy regressio 7 - “L" \
® A 2D fit to mYyYy and mijj side bands is performed in . '
® all regions to estimate the non-resonant backgrounds with data.
100 11'0 120 13'0 140 150 16'0 170‘_ 10
CcMS 137 fb' (13 TeV) )
& *F 95% cLupper imits —1 __ CEMmS _ 137 fb™ (13 TeV)
pug m— Observed HH — yybb 3 i) E 95% CL upper limits HH —
= 35F ...... Median expected B = : Observed =% Tibb
< I 68% CL expected . 18 102 - Median expected -
> 2 95% CL expected g & - I 68% CL expected E
1 — — Theoretical prediction /3 T i e CLIBEpoRted ]
L 25 ] 10 — — Theoretical prediction -
= : T f :
@ = L F ]
= E |
15 5
© 107 S o~ 5
1 = N E
S % # i
0.5 107°F \J/ E
N~ [ ]
] S N S TS T R RS T E——" ] I E—— - ! R B B
6 4 2 0 2 4 6 8 10 12 R S 0 1 2 3 4 5
L S Cov
oy (88F+VBF)/o,, SM (ggF+VBF) < 7.7 (5.2) at 95% CL Oy (VBE)/ 0y SM (VBF) <225 (208) at 95% CL
1.3(=0.9) < cyy < 3.5 (3.0)
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Compromise between BR and background contamination

Search is optimised for maximum sensitivity to
cross-section measurement

At least one 1, , in each event

had

Signal extracted from fits to multivariate
discriminants

Results:

e o(HH — bbtr) <47 (3.9) x SM obs (exp)
at 95% CL

CMS results (2016 data only): Phys. Lett. B 778 (2018) 101
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Conclusions

Recent Higgs results from ATLAS and CMS using full Run?2 data

Golden channels, vector bosons, and third generation fermions

established

Effort to explore decays to second generation fermions and rare final

states
Inclusive, fiducial, and Ditferential STXS measurements

Limits on HH measurements are more stringent and already close to

SM expectation

The forthcoming Run3 will help improving current measurement and

prepare for the high luminosity phase
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