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Higgs precision physics @ LHC

[ATLAS, 2207.08615
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Higgs measurements @ LHC improve steadily & become more differential
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Higgs precision physics @ LHC

[ATLAS, 2207.08615
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What can we learn from measurements such as prn or off-shell rate?



Constraining Kx using ptn distribution

- G e lﬂ

correction 1n ggF [%]

Non-trivial shape change of pth spectrum in ggF Higgs production due
to 2-loop diagrams involving a trilinear Higgs self-coupling modifier (Ka)

[UH & Marco Niggetiedt, 2408.13180]



Constraining Kx using ptn distribution

| |
0 —4) -
k= | |
- o o lﬂ » |
g -6 -
s 8 B
| _K)L:—S
-1

pr.n 1GeV]

Dedicated studies planned to quantify precise impact of differential
single-h measurements in global hh+h analyses to put constraints on K

[We are trying to convince Tae Park, a post-doc in Sandra Kortner’s group, to help us]



Higgs portal interactions

scalar fermion vector

C C —
Lo co|H|A D - Jff (0,|H[?) (0*]@]?) - ;|H|2ww+cv|Hl2VMW

IH|2 provides a simple portal to dark or hidden sectors. At dimension four one has
couplings of [H|? to spin-0 & spin-1 fields, while interactions with spin-1/2 fields
are of dimension five. Dimension-six derivative spin-0 coupling also interesting,
as dark matter (DM) direct detection (DD) cross section momentum suppressed

[for a recent review see for instance Spyros Argyropoulos, Oleg Brandt & UH, 2109.13597]



Higgs portal searches @ LHC

Owimp-nucleon [CN]

If DM states are kinematically
accessible in Higgs decays,
LHC searches for h—invisible
superior to present DD limits
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[ATLAS, 2202.07953
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Higgs portal searches @ LHC

[ATLAS, 2202.07953]
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Searches for Higgsphilics in pp—4l

DM particles, top partners, ...,
spectral density of Higgs

Off-shell Higgs measurements in pp—4l allow to scan S-dependence of Higgs
propagator, which is sensitive to virtual exchange of light Higgsphilic states

[UH & Gabriel Koole, 2201.09711; UH, Max Ruhdorfer, Konstantin Schmid & Andi Weiler; 2311.039995]



HL-LHC bounds on fermionic Higgs portal

5 5 ]
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[UH, Max Ruhdorfer, Konstantin Schmid & Andi Weiler; 2311.03995] 10



What about quartic Higgs self-coupling?

h
2 { /,h 3 ' \h ,’lﬂ 9 3 PR N
h \\ | /‘ ~\ + h %o’

3 + “hoooo T Th 9 h

Direct probe of quartic Higgs self-coupling (k4) provided @ 1-loop by 3h production,
while indirect sensitivity in hh & h production through 2-loop & 3-loop corrections

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]
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Higgs self-couplings after LHC Run 2

hh .
3 + L’ 4001
+ - - 2 ww W B single-Higgs
N
| h L - M double-Higgs
3 + 3 2001 o

¥ triple-Higgs

—200¢

—400}

_60930 20 —10 0 10 20 30

K3

Bounds on Higgs self-couplings from hh & 3h production orthogonal in k3-K4 plane

[UH, Aparna Sankar & Giulia Zanderighi, ongoing; pp—3h bound from ATLAS, 2411.02040] 1



Higgs self-couplings after LHC Run 2

hh .
3 + L’ 4001
+ - - 2 ww W B single-Higgs
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New limit from h production poor as LHC Run 2 measurements not precise enough

[UH, Aparna Sankar & Giulia Zanderighi, ongoing; pp—3h bound from ATLAS, 2411.02040] 13



Vh production in SMEFT @ NNLO+PS

CHW Qup
Q(l) (3)
QH’U, QHd
o QY
HE QHD
QH@ QH
Qe

[Rhorry Gauld, UH & Luc Schnell, 2311.06107]

Vh MiNNLOps
generator

POWHEG-BOX
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Vh production in SMEFT @ NNLO+PS

do /dpr,z [tb/GeV] pp — Zh — €70 h
1 | | | —SIM | |
_ Cuw = —0.05/TeV?, ]
: : 0.100E Cyp = 0.015/TeV? |
If stringent constraints from Mw, h—yy & j -
h—yZ are imposed, numerical impact of HE—
Wilson coefficients Crhw, Cus & Crwe On 0.001
kinematic distributions in pp—Zh—I+l-h 1074}
rather limited, amounting to relative 105} 2magrns eimy
. . _____ |Mdim-6|2
deviations of no more than 5% o] — combined
00 150200 250 300 350
1.10 o/osmy __
1.05E j
1.00¢
0.95}
090 ...................................

[Rhorry Gauld, UH & Luc Schnell, 2311.06107]



Vh production in SMEFT @ NNLO+PS

Enhanced sensitivity of pp—Zh—I+l-h to
C%, CS’A, Chu & CHg arises from energy
growth of amplitudes. Effects can reach
50% In pTz spectrum in region where
Higgs decay products are significantly
boosted. Vh production @ HL-LHC may
allow to constrain Z-boson couplings to
light quarks as well as SLC & LEP

[Rhorry Gauld, UH & Luc Schnell, 2311.06107]
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LHC tau-pair production constraints on a.

Thad Thad s b—veto
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[UH, Luc Schnell & Joachim Weiss, 2307.14133; pp—1+1- data from ATLAS, 2002.12223]
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LHC tau-pair production constraints on a.
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T
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from DELPHI (ete’), ATLAS &
CMS (PbPb, pp) in yy—=T+T

[UH, Luc Schnell & Joachim Weiss, 2307.14133; pp—1+1- data from ATLAS, 2002.12223]
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SMEFT effects & Lam-Tung relation
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[Rhorry Gauld, UH & Joachim Weiss, ongoing; Drell-Yan data from ATLAS, 1912.02844]



SMEFT effects & Lam-Tung relation

10_4§ @ data
i 1 SM
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[Rhorry Gauld, UH & Joachim Weiss, ongoing; Drell-Yan data from ATLAS, 1912.02844]
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SMEFT effects & Lam-Tung relation

4]

Light-quark dipole effects far too small
to account for discrepancy between
SM prediction & ATLAS data for Lam-
Tung combination Ao - A2 of angular
o data — =G coefficients in high-pr tail of spectrum

0.02
5

[Rhorry Gauld, UH & Joachim Weiss, ongoing; measurement of the angular coefficients from ATLAS, 1606.00689]



2HDM+a model reloaded @ LHC

e 2HDM+a model is a cornerstone of both ATLAS & CMS interpretations of

missing transverse energy (MET) aka DM searches

o All Run 2 benchmarks feature type-ll Yukawas & degenerate 2HDM Higgs
mass spectrum. Degenerate 2HDM Higgs masses avoid constraints from
EW precision observables, but in type Il lead to TeVish 2HDM spectrum, as
flavor physics requires charged Higgs to be heavier than about 600 GeV

22



2HDM+a model reloaded @ LHC

In case of non-degenerate 2HDM Higgses, new MET & non-MET channels open up

[Spyros Argyropoulos, UH & llia Kalaitzidou, 2404.05704]
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Old & new 2HDM+a signatures in type |

mg+ = my, sind = 0.2

Fi/mi <30% |,

/.

100

N d o
200 300 400 500 600 700 Z#i:;é;
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[Spyros Argyropoulos, UH & llia Kalaitzidou, 2404.05704] o4



Conclusions

* Broad range of activities with
a strong focus on LHC BSM
phenomenology. Ongoing
collaborations with internal &
external ATLAS researchers &
LHC DM working group

e Due to lack of time, | have not
discussed research on flavor
physics done In last year
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Trilinear Higgs self-coupling from pp—4l

[UH & Gabriel Koole, 2111.12589]

— — 0.10 ' ' ' ' | ' ' ' ' | ' ' ' ' | ' ' ' '
ACg ¢ CH o\ 2 :
LSMEFT D 2 H|” A 502 (GM\H| ) - HL-LHC
ll 0.05F :
3 _ 3 _ O:_ ]
L D —Ak)\vh”, kx =1+cg — =cg _ _
) CHy _
_0.05} -
: 68% CL 95% CL -
In SM effective field they (SMEFT), o010l inclusive {1 [] -
K) receives contributions from more | off-shell L[]
i combined « --- — ]
than a single Wilson coefficient COUISS
~10 _5 0 5 10
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Trilinear Higgs self-coupling from pp—4l

[UH & Gabriel Koole, 2111.12589]

— — 0.10 ' L L N L L v
AC6 .6 . CH o\ 2 -
LSMEFT D 2 H|” A 502 ((’%\H\ ) - HL-LHC
ll 0.05F :
3 3 or )
L D —Ak)\vh”, Kx =1+cg — =cCqy _ :
2 CH _
~0.05¢ -
- 68% CL  95% CL -
On-shell & off-shell measurements o010l inclusive {1 []
depend differently on Os & On operators. | offshell {73 [
i combined « --- — ]
Combination improves 2D constraints ~0.15 e
Ce

[Ongoing effort with Tae Park to make old analysis more realistic]
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HL-LHC bounds on marginal Higgs portal

ﬁ
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[UH & Gabriel Koole, 2201.09711]
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Derivative Higgs portal: DM-N scattering

72 (OulHP) (2161
¢ ¢
N
Pin , ) Pout (pin . pout)2 - (100 MGV)2
' T YT

N

Due to momentum suppression, DD limits easily
avoided for new-physics scales f of O(1 TeV)

[see for example Reuven Balkin, Max Ruhdorfer, Ennio Salvioni & Andi Weiler, 1809.091006]
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Global picture of derivative Higgs portal

t t
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[Spyros Argyropoulos, Oleg Brandt & UH, 2109.13597]
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VBF-+ETss
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Global picture of marginal Higgs portal

ATLAS h—-inv, 139 fb™!
h-inv, 3 ab™?!

VBF + EMsS, 3 ap~?

tX + EMiss, 3 ab~!
XENON1T o

dSphs
Qpmh?

_ spin-independent

h—Invisible oD

-4 . Lo o vl . R .
10100 10?1 10° 103
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[Spyros Argyropoulos, Oleg Brandt & UH, 2109.13597]
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Future probes of neutrino floor

[Dark Matter Limit Plotter

Dark Matter-nucleon s, [cm?]
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Future probes of neutrino floor

[Dark Matter Limit Plotter; UH, unpublished]
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Higgs self-couplings in HL-LHC era

200

Hypothetical HL-LHC bound of O(10) on 3h signal strength will set best bound on K4

[UH, Aparna Sankar & Giulia Zanderighi, ongoing] -



Higgs self-couplings in HL-LHC era

200

Flat direction in K3 of 3h constraint, partly resolved by indirect hh & h probes

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]



Higgs self-couplings in FCC era

3 + L’ h |
\ s
| h S . \ .
3 + h | |
1 0 ] /' .
< - , X .
g | . .
Of .
! ' +
| SMEFTg ,* , . _ ’
_ R B single-Higgs - + A = ol h
— 1 0 i '," B double-Higgs - h ’\~ . 'Of
- B triple-Higgs : J + h
AR i | | I [

Single-h bounds notable improved due to permille accuracy of Zh @ FCC-ee

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]



Higgs self-couplings in FCC era

3 + L’ h |
\ s
| h S . \ .
3 + h | |
1 0 ] /' .
< - , X .
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| SMEFTg ,* , . _ ’
_ R B single-Higgs - + A = ol h
— 1 0 i '," B double-Higgs - h ’\~ . 'Of
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AR i | | I [

Indirect probes remove degeneracy of direct pp—3h constraint in K3-K4 plane

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]



extra gluon emission In
leading-order Qpa contribution
tends to reduce dibottom
invariant mass relative to SM

107

1072 L

1074 L

1070

1.5
1.4

Bottom dipole in pp—Zh—I+I-bb

100 b

do/dmpp [fo/GeV] pp—Zh—2*2bb, Vs = 13 TeV
E I 1 1 I 1 1 I 1 I 1 I 1 1 Ié

= 150 GeV < pry<250GeV R=04)

do/dosy

80 100 120 140 160 180 200
Mpp [GeV]

[UH, Darren Scott, Marius Wiesemann, Giulia Zanderighi & Silvia Zanoli, 2204.00663]



Bottom dipole in pp—Zh—I+

-bb

10 fiG/Idmle [Ifb/Qe\l/] — p|lo—>|Zhl—>EJ|“£'bI5,\l/_ =I13|Tel\{
| | R sM -
10_2 ;_ """ """""""""" _ CbG=4OO_=

1073 L

resssmnmnt

E 150 GéV < pTZ < 250 Ge

size of effect depends on
radius parameter R used to

reconstruct anti-k: jets

[UH, Darren Scott, Marius Wiesemann, Giulia Zanderighi & Silvia Zanoli, 2204.00663]
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Angular coefficients in Drell-Yan production

do 3 do
dpr.dyydms dQ 167 dppydydms?

(1 + cos? «9) | éo (1 — 3cos? 9)

A
+ Aq sin 260 cos ¢ - 22 sin” 6 cos 20 + As sin 6 cos ¢

+ Ay cosf + As sin® sin 2¢ + Ag sin 20 sin ¢ + A~ sin 0 sin ¢
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Angular coefficients in Drell-Yan production

do 3 do

deJldylldleldCOS@ N 8 de,”dyudlel

do B 1 do
dprudyndms de 2w dpp dyydms

2 +Ag

A 2 —3A
(1 | O)(l | : 060829) + A4 cos O

A 37
| 42(3082gb | 16Agcosgb
A 3 _
25 sin 2¢ - 2A7 sin @
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Angular coefficients in Drell-Yan production

[Rhorry Gauld, UH & Joachim Weiss, ongoing]
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Angular coefficients in Drell-Yan production

do  «a(l—4s2 + 8s;) v? C,|° 52 o A
— = 5 (1 — COS 9)
d<) 1927 st c2 A4 (5 — M2)

|

AQ#O, AQZO

[Rhorry Gauld, UH & Joachim Weiss, ongoing]
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