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Higgs properties

Firm evidence of Higgs
decays (within SM) to top,
0(10%)

bottom, tau.

accuracy

Recent first evidence for
Higgs decay to muons
(leptonic second

generation)

Crucial indication on the
Higgs role in mass
generation of I and II
generation fermions

from
measurements of  Light

quark Yukawas (difficult

measurement)
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[aght quark Yukawas, how to test possible
BSM dewviations?

Current best constraints from fit to Higgs strength

1 Modification to Higgs

= 1+ Zq(Zéyq 4 5y§)Br(h, — qq)SM production can be safely
neglected for Syq < 0(1000)

L

Using the most recent measurement from CMS' and ATLAS”:

ATLAS: Jyg <400, dy, <820, Jdys <19,
CMS : Jdyg <450, 0y, <930, Jdys < 22

'CMS-PAS-HIG-19-005 ;= 1.02t0%7  *ATLAS-CONF-2020-027 = 1.06 +0.07



[aght quark Yukawas, how to test possible
BSM dewviations?

Current best constraints from fit to Higgs strength

1 Modification to Higgs

= 1+ Zq(Zéyq 4 5y§)Br(h, — qq)SM production can be safely
neglected for Syq < 0(1000)

L

Considering that the HL-LHC is expected to measure the total
Higgs signal strength with an error of order 2-3% *:

dyqg S 340, Iy, S 700, Oy, <17 (HL-LHC)

) ~

* CERN Yellow Rep.Monogr. 7 (2019) 221-584
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Alternative strategies (complementarity)

Higgs kinematics (pT, y)

Syq < 380 Oy, < 640 [HL-LHC]

~/

W-h charge asymmetry

dyq <1300 Oy, <2900 [HL-LHC]

~

Double Higgs production

Syq < 850 Sy, <1200 [HL-LHC]

Rare Higgs decays (h -> MV)
6y, < 10°  [HL-LHC]



Our strategy: pp -> VVV (Higgs oft-shell)

Follows the idea of “measuring the Higgs without the Higgs”

J S ~
S q vV i
Unitary Ry V\*L{JEHM Vv
1% % L
gauge N
1% Vv Vv

Modifications to SM Higgs Yukawas affect the delicate cancellations
which avoid violation of perturbative unitarity at high energy

Energy-growing

non-unitary

gauge amplitudes



SMEFT description

1 iv2G
We focus on the dimension-6 operators: H = _\/5 (,U L ha IGZ)
u|H 2 Yy |H 2 ; |H 2 ;
LSMEFT D urQ1,.H + drH'Q1.1 + srRH'Q2 1 +h.c.

We parametrize the Yukawa couplings as:

h
LD —— Z mq (1 + dyq)dq

()
q:u!dis

Then the shifts in the Yukawas are related to the parameters of the
effective operators as:



Energy-growing behaviour

1 ivV2G
We focus on the dimension-6 operators: H = E (v S ha :;021
|H ° Yq |H * 7 IH [
LSMEFT D urQ1LH + drH'Q1 1 + srRH'Qa 1 +h.c.

The effective operators lead to contact interactions between two quarks
and three Goldstone bosons:

1 1 2 M — 7 — Gz
LD @ (G+G + EGZ) {zyu 5?}1:, ( 2 URQ’LG+ — URUJ, E)
q =a,s

: 4, Gy
+i 3 uou (dwunGo + dray, 5 ) +he.

q'=d,s




Energy-growing behaviour

M(qq — GGG) ~ O(dy,E[v*) — M(a@— VLVLVL)
Equivalence Vi
theorem
VL
VL
(97 = G:G+G-) = (Y, 0yq)*1(3), s
(a7 > 3G.) = (5 M6y,1(5), (8) = 1aar501
o(uf - G1G.G.) +0o(¢d'u - G_G.G,) = % (5N 0yu)® + (Y5 yq )?] 1(3), /
o(uq = GG G_)+0(q'a— G_G_-Gy)=2[(y, 0yu)” + (y3""6y)?] 1(3) e

(Syq)2 E* growing behaviour



pp -> VV\

Triboson recently observed for the first time by CIMS

pp = WEWIEWT - *¢*vvjj  SSD channel

Main CMS selection, designed to extract SM 3V signal, not

optimized to test deviations in the Yukawas

pff,%*? > 25GeV, myg >20GeV, m;; € (65,95 GeV (“m;,;in”),
ERSS > 45 GeV, mE**(£) > 90 GeV B

' (i) =5 + Y x 2108

Syg < 6800  CMS [LHC 13 TeV]
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Laght quark Yukawas in pp ->VVV

We will test deviations 1n the up, down, strange Yukawa couplings®

VL

VL
Main features to exploit: VL

+ Cross section energy enhancement (8y * E%)
q

+ Peculiar kinematics (hard spectrum, peculiar angular distributions)

_—

* charm Yukawa better tested (with an analogous @eal case for F9
strategy) in pp -> WW(j final state —

11



Laght quark Yukawas in pp -> VVV

HL-LHC | SM | BSM (Y;=1) | BSM (Y, = 1) | BSM (Y, = 1)
WTW-W+ | 152 fb 3.6 pb 3.6 pb 110 b
WTW-W~- | 871b 1.5 pb 1.5 pb 110 fb

ZZWT 40 b 1.0 pb 1.0 pb 31 fb
YAA 23 fb 0.43 pb 0.43 pb 31 fb
ZWTW— | 191 b 1.5 pb 2.4 pb 120 fb
777 16 b 0.99 pb 1.7 pb 66 1o

FCC-hh | SM | BSM (Y;=1) | BSM (Y, =1) | BSM (Y, = 1)
WTW-WT+ | 2.35 pb 290 pb 290 pb 16 pb
WTW-W~ | 1.76 pb 140 pb 140 pb 16 pb

ZZWT 756 fb 74 pb 74 pb 4.4 pb
YA 579 fb 36 pb 36 pb 4.4 pb
ZWTW— 3.93 pb 94 pb 150 pb 12 pb
777 231 b 110 pb 180 pb 11 pb

We consider the most efficient channels:

WWW (SSD and 3 lep)

Z77Z (4 lep)

SM: NLO in
QCD

BSM: LO

(UFO model)
Available at:
bttpo://feynrules.rmp.u
cl.ac.be/wikt/YgHEFT

It would be interestig to combine

analyses 1n different final states:
Neutral channels (as ZZZ) would allow
to break ¥ and Y, degeneracies



WWW: three-lepton final state
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WWW: three-lepton final state

LHC:

P > T70GeV, p2 >50GeV, p2 > 30GeV, B > 80GeV, |AD(LE, 1F)| > 2

FCC-hh:

p > 150GeV, p? > 80GeV, p? > 50GeV, EX > 120GeV, |A®(LF, 5| > 1.5

Selection:
Main cuts above + shape analysis (for simplicity we just focus on the

leading lepton p, )
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Final Results for HL-LHC and (FCC-hh)

WWW 277
0505 + 20+ 25 | £54*¢F +3v | Comb. 4¢ + 2v 40 + 25 Comb.

U 430 (36) 840 (54) | 420 (34) | 1500 (65) | 1300 (93) | 1100 (60)
5 850 (71) 1700 (110) | 830 (68) | 2300 (100) | 1800 (140) | 1600 (92)
5y, 150 (13) 230 (33) | 140 (13) | 300 (12) | 290 (16) | 250 (11)

10) | ™ WWW (HL-LHC) .

| | Z2zZ (HL-LHC)

> 8] M WWW (FCC-hh) o

Y; = C;v?/A? ~ o /mzzz(Fcchh) | WS ME |

<|[L:{ 4

.| J ........ I A I ........ |

| | N |

{5}’5 5yu 6_'}":)‘

* Results competitive and complemetary to contraints from global fits
and other on-shell probes at the HL.-LHC

* Large improvement (by one order of magnitude) expected at the

FCC-hh




Oft-shell probe of the charm Yukawa

c/s /
V q q
ahVAVAV . .
c
G VL
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£SMEFT ) — CL2 | CRQ]_,LH + h.C. (Syc — S(li/l
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Oft-shell probe of the charm Yukawa

O

~~
~7

MY, =0) + Y. oNT(Y, = 1) + Y2 oBM(Y, = 1)

HL-LHC | SM (Y, =0) | INT (Y, =1) | BSM (¥, = 1)
WTW=cj 2.3 pb 0.58 pb 63 pb
Wt Zcj 0.86 pb 0.17 pb 17 pb
W=Zcy 0.79 pb 0.09 pb 9.1 pb
Z7¢) 0.19 pb 0.14 pb 15 pb
WTWtej 29 b 0.42 fb 94 fb
W=W™c¢j 23 fb 0.31 b 90 fb

FCC-hh | SM (Y, =0) | INT (Y, =1) | BSM (¥, = 1)
WTW = cj 92 pb 6.4 pb 660 pb
Wt Zcj 36 pb 1.8 pb 190 pb
W=Zcy 35 pb 1.3 pb 130 pb
77¢j 6.8 pb 1.6 pb 180 pb
WTWTcej 0.76 pb 2.8 fb 3.0 pb
W=W™cj 0.68 pb 3.2 fb 3.0 pb

17



Oft-shell probe of the charm Yukawa

We focus on the semileptonic final state and consider a naive rescaling of the
(reducible) background:

_ Nsy+Bsm — Nsw
vV Nsy + B X Ngpy

5.0

4.5-

4.0




Oft-shell probe of the charm Yukawa

In the limit of a negligible reducible background (compared to the SM irreducible):

6y. < 0.43(lo) — 0.77(20)  (HL-LHC, 2x3 ab™ 1)

oy S 0.12(10) — 0.23(20)  (FCC-hh, 30 ab™?)

0y, < 3.1(lo) — 3.4(20)  (HL-LHC, 2x3 ab™1)

—6y. < 2.8(lo) — 2.9(20)  (FCC-hh, 30 ab™1)

Encouraging results (more ref ned analysis needed), competitive and
complementary to other charm Yukawa probes:

|0y.| S 2.1 (Higgs precision measurements) (%%3;'8’)\;\/3097%%% :\,)N €1, FROA00

< ; Brivio, Goertz, Isidori, PRL 19
10y.| < 2.6 (Higgs plus charm) e 3010 21 211801



Conclusions

The investigation of the Higgs properties, including Yukawa couplings to SM fermions, is
of primary importance for the understanding of high energy physics. Crucial indication on
the Higgs role in the mass generation of 1st and 2nd families would come from the
measurement of the light quark Yukawas.

A novel technique to improve this challenging test is based on the study of the triboson
channel, where the Higgs is off-shell. In this approach, the Yukawa couplings are
determined indirectly, by their contributions via virtual Higgs exchange to the triboson
process. This method relies on the fact that modifications of the Higgs Yukawas disturb
the structure of the SM and leads to the violation of perturbative unitarity at high energy.
The study of the triboson channel gives results competitive and complementary to other
on-shell Higgs probes and very promising for the FCC-hh.

We have then considered an off-shell Higgs probe of the charm Yukawa. In this case, we
focus on the channel VVcj. First estimates of the HL-LHC and FCC-hh sensitivities
indicate encouraging results and offer a useful starting point for more refined analyses at
the LHC.

Our first naive estimates indicate sensitivities on dy_in the diboson channel which could

be realistically below order 1 at the HL-LHC, thus competitive and complementary to other
charm Yukawa probes, and of the order of 20% at the FCC-hh. Interestingly, there is also

the possibility to test the sign of the shift in the charm Yukawa.
20
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